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v

 Since the isolation and characterization of the active phytocannabinoids in the cannabis 
( Cannabis sativa ) plant, including the most psychoactive ingredient Δ 9 -tetrahydrocannabinol 
(THC), and after the identifi cation and cloning of the target of THC, the type-1 cannabi-
noid receptor, and of its endogenous counterparts collectively termed “endocannabinoids 
(eCBs),” many efforts have been produced to study the different physiological functions 
modulated by what is now known as “endocannabinoid system (ECS).” eCBs are deriva-
tives of arachidonic acid, resembling other lipid transmitters such as prostaglandins or leu-
kotrienes. They are conjugated with ethanolamine to form fatty acid amides, or with 
glycerol to form monoacylglycerols; so far,  N -arachidonoylethanolamine (anandamide, 
AEA) and 2-arachidonoylglycerol (2-AG) represent the best studied and most active mem-
bers of each class, respectively. In the last 20 years, an ever-growing interest towards the 
manifold activities of eCBs in pathophysiology has boosted the development of chemical, 
biochemical, and molecular biological assays to specifi cally measure the endogenous levels 
of eCBs, along with the specifi c activity of distinct elements of the ECS. These include 
membrane and nuclear receptors (and signaling pathways thereof), biosynthetic and hydro-
lytic enzymes, as well as membrane transporters and oxidative enzymes. Not only the func-
tional activity of these entities but also their gene and protein expression has attracted 
attention, because its regulation has emerged as a major determinant of eCB biological 
activity. Therefore, a manual that puts together all major methodologies to interrogate ECS 
and eCB signaling appears timely and will help chemists, drug designers, biochemists, 
molecular biologists, cell biologists, pharmacologists, and (electro)physiologists to navigate 
the  mare magnum  of endocannabinoid research.  

  Rome, Italy     Mauro     Maccarrone     

  Pref ace   
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    Chapter 1   

 Need for Methods to Investigate Endocannabinoid 
Signaling                     

     Mauro     Maccarrone      

  Abstract 

   Endocannabinoids (eCBs) are endogenous lipids able to activate cannabinoid receptors, the primary 
molecular targets of the cannabis ( Cannabis sativa ) active principle Δ 9 -tetrahydrocannabinol. During the 
last 20 years, several  N -acylethanolamines and acylesters have been shown to act as eCBs, and a complex 
array of receptors, metabolic enzymes, and transporters (that altogether form the so-called eCB system) 
has been shown to fi nely tune their manifold biological activities. It appears now urgent to develop 
methods and protocols that allow to assay in a specifi c and quantitative manner the distinct components of 
the eCB system, and that can properly localize them within the cell. A brief overview of eCBs and of the 
proteins that bind, transport, and metabolize these lipids is presented here, in order to put in a better 
perspective the relevance of methodologies that help to disclose molecular details of eCB signaling in 
health and disease. Proper methodological approaches form also the basis for a more rationale and effective 
drug design and therapeutic strategy to combat human disorders.  

  Key words     Anandamide  ,   2-Arachidonoylglycerol  ,   Enzyme assays  ,   Immunochemical assays  , 
  Intracellular traffi cking  ,   Localization  ,   Metabolic routes  ,   Oxidative pathways  ,   Receptor binding assays  , 
  Signal transduction  

1       A Modern View of the Endocannabinoid System 

 Two  G   protein-coupled receptors, termed type-1 (CB 1 ) and 
type-2 (CB 2 ) cannabinoid receptors, are activated by Δ 9 - 
tetrahydrocannabinol (THC), the major psychoactive component 
of cannabis ( Cannabis sativa ) extracts like hashish and mari-
juana [ 1 ]. Endogenous counterparts of THC [collectively termed 
“endocannabinoids (eCBs)”], their target receptors, and the 
enzymes responsible for their synthesis and degradation form an 
entirely new endogenous signaling system, also known as the 
“endocannabinoid system (ECS)” [ 2 – 4 ]. 

 The most important eCBs are  two   arachidonic acid derivatives: 
 N -arachidonoylethanolamine (anandamide, AEA) and 2-arachi-
donoylglycerol (2-AG), shown in Table  1 .
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   They belong to the large families of  N -acylethanolamines and 
2-monoacylglycerols, respectively. Besides these  ω  − 6 ( n  − 6)    fatty acid 
compounds, two metabolically important  ω  − 3 ( n  − 3) fatty acid eth-
anolamines have been discovered:   N - eicosapentaenoylethanolamine 
(EPEA) [ 5 ] and  N -docosahexaenoylethanolamine (DHEA) [ 6 ], 
also shown in Table  1 . The latter two substances have been pro-
posed as additional CB 1/ CB 2  agonists [ 7 ], but their pharmacology 
and biological relevance remain to be clarifi ed. 

 The actions of eCBs and congeners are controlled through not 
yet fully characterized cellular mechanisms that include key agents 
responsible for their biosynthesis, degradation, and oxidation. 

     Table 1  
  Endocannabinoids (eCBs), their molecular targets, and their biosynthetic and catabolic enzymes   

 Bioactive lipids 
 Molecular 
targets 

 Biosynthetic 
enzymes 

 Catabolic/oxidative 
enzymes 

  ω − 6 eCBs  

  

N
H

OH

O

    

 CB 1   NAT  FAAH 
 CB 2   iNAT  NAAA 
 TRPV1  NAPE-PLD  LOXs 
 PPARα  ABHD4  COX-2 
 PPARγ   Lyso -PLD  Cyt P 450  
 GPR55  GDE1 

  N -arachidonoylethanolamine 
(anandamide, AEA) 

 PTPN22 

  
OH

OH
O

O

    

 CB 1   PLCβ  MAGL 
 CB 2   DAGLα  FAAH 

 2-Arachidonoylglycerol (2-AG)  TRPV1  DAGLβ  ABHD6 

  ω − 3 eCBs  

  

N
H

OH
O     

 CB 1   Possibly as for 
other NAEs 

 Possibly as for other 
NAEs  CB 2  

  N -docosahexaenoylethanolamine (DHEA)  PPARγ 

  
N
H

OH

O

    

 CB 1   Possibly as for 
other NAEs 

 Possibly as for other 
NAEs  CB 2  

  N -eicosapentaenoylethanolamine (EPEA)  PPARγ 

   Abbreviations :  ABHD4/6/12  α/β-hydrolase domain 4/6/12,  CB   1   type-1 cannabinoid receptors,  CB   2   type-2 can-
nabinoid receptors,  COX-2  cyclooxygenase-2,  Cyt P   450   cytochrome P 450 ,  DAGLα/β  diacylglycerol lipase α/β,  FAAH  
fatty acid amide hydrolase,  GPR55  orphan G protein‐coupled receptor 55,  LOXs  lipoxygenases,  MAGL  monoacylg-
lycerol lipase,  NAAA N -acylethanolamine-hydrolyzing acid amidase,  NAPE-PLD N -acyl- phosphatidylethanolamine-
hydrolyzing phospholipase D,  NAT N -acyltransferase,  iNAT  Ca 2+ -independent  N -acyltransferase,  PLCβ  phospholipase 
Cβ,  lyso - PLD lyso -phospholipase D,  PPARα/γ  peroxisome proliferator‐activated receptor α/γ,  PTPN22  protein tyrosine 
phosphatase, non-receptor type 22,  TRPV1  transient receptor potential vanilloid type 1 channel  

Mauro Maccarrone
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Remarkably, during the last few years multiple pathways have been 
described for  the   metabolism of AEA (Fig.  1 ), and of 2-AG (Fig.  2 ), 
as detailed in a recent review [ 8 ].

    Briefl y, the main route  for   AEA biosynthesis consists of two 
enzymatic reactions. The fi rst is a fatty acyl chain transfer from 
membrane phospholipids to a phosphatidylethanolamine, resulting 
in the formation of  N -acylphosphatidylethanolamine (NAPE), by 
a yet-unidentifi ed Ca 2+ - dependent    N -acyltransferase (NAT) [ 9 ], or 
by a Ca 2+ -independent counterpart (iNAT) [ 10 ]. The second step 
is catalyzed by a NAPE-specifi c type D  phospholipase   (NAPE- 
PLD) that is the most relevant enzyme among multiple players in 
AEA formation from NArPE [ 9 ,  10 ], as shown in Fig.  1 . 
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 As for the biosynthesis of 2-AG and congeners, the best known 
biosynthetic pathway requires the combined action of phospholi-
pase C (PLC) and diacylglycerol  lipase   (DAGL that is present in 
two forms, α and β) [ 11 ], but alternative pathways of 2-AG biosyn-
thesis are also known, as shown in Fig.  2 . 

 Degradation of eCBs and congeners can start with their  trans-
membrane   uptake, a process that remains highly debated because 
true “eCBs membrane transporters (EMT)” have not yet been 
cloned; however, EMT activity and pharmacological inhibition 
have been repeatedly described [ 12 ]. Once inside the cell, eCBs 
are hydrolyzed to  terminate   signal transduction. The main cata-
bolic enzyme  of   AEA is fatty  acid   amide hydrolase (FAAH) [ 13 ], 
a widely distributed intracellular membrane-bound serine hydro-
lase [ 14 ]. An additional lysosomal cysteine hydrolase termed 
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 N -acylethanolamine-hydrolyzing acid  amidase   (NAAA) is also 
known [ 15 ], and cleaves AEA and congeners under acidic condi-
tions (Fig.  1 ). As for 2-AG and congeners,    monoacylglycerol lipase 
(MAGL) is the main responsible for their degradation, along with 
two additional serine hydrolases, known  as   α/β-hydrolase domain 
6 and 12 (ABHD6 and ABHD12) [ 16 ]. 

 Moreover, the oxidative metabolism of eCBs has (patho)physi-
ological relevance, because it leads to the production of new bio-
logically active metabolites [ 17 ]. In particular, AEA and 2-AG are 
metabolized by lipoxygenases (LOXs) [ 18 ] and by cyclooxygen-
ase-2 (COX-2) [ 17 – 19 ], and additionally AEA can be oxygenated 
also by cytochrome P450 [ 20 ], as shown in Figs.  1  and  2 . 

 Incidentally, it should be stressed that an emergent issue is how 
eCBs can reach their distinct sites of action within the cell (e.g., 
membrane or nuclear receptors, or metabolic enzymes) at the right 
time and at the right concentration, in order to trigger the appro-
priate response to a stimulus [ 21 ]. In this context, the existence of 
intracellular storage organelles (adiposomes or lipid droplets) [ 22 ], 
as well as of constitutive intracellular transporters (AEA intracel-
lular transporters, AITs), has been reported for AEA [ 2 ]. A func-
tional role for these AITs in eCB signaling has been recently 
documented [ 23 ], providing a proof of concept that indeed they 
can drive eCBs towards distinct transduction pathways. This is par-
ticularly striking in the central nervous system, where at each syn-
apse distinct ECS elements in different neuronal and non- neuronal 
cells contribute to proper neurotransmission [ 24 ,  25 ]. The same 
complexity in other organs of our body (e.g., cardiovascular, diges-
tive, musculoskeletal, immune, and reproductive systems) has been 
the subject of a comprehensive review [ 26 ]. 

 Finally, strong pharmacological and biochemical evidence 
has demonstrated that eCBs are able to interact also with non-
CB 1 /non-CB 2  receptors, further increasing the complexity of 
the ECS and of the signaling pathways trigged thereof (Fig.  3 ). 
In particular, the best known of these targets is  the   transient 
receptor potential vanilloid type 1 (TRPV1) channel, which is 
activated by both AEA [ 27 ] and 2-AG [ 28 ]. Other potential 
receptors activated by eCBs  are   peroxisome proliferator‐ activated 
receptor (PPAR) α and γ [ 29 ], and the  orphan   G protein‐cou-
pled  receptor   GPR55 [ 30 ].

   In Table  1  old and new members of the ECS are listed 
together. Unsurprisingly, ECS has been shown to regulate differ-
ent physiological processes in the central nervous system [ 2 – 4 ] 
and at the periphery [ 26 ], thereby suggesting that its signaling 
may foster the development of pathway-selective drugs for thera-
peutic benefi t [ 2 – 4 ].  

Investigating Endocannabinoid Signaling
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2     Conclusions 

 Taken together, it appears all the more important to develop methods 
and protocols that allow to properly assay activity  and   location of 
the different ECS elements, possibly with specifi cations that make 
the same method fully effective in different cells, tissues, and 
organisms. For most ECS elements reliable methods are indeed 
available, and will be presented in this theme issue on 
“Endocannabinoid signaling: Methods and protocols” by those 
who developed and/or improved them over the last few years. 
Such a book is a manual that puts together all current methodolo-
gies to investigate eCB signaling in a timely manner. Thus, I believe 
that it will help chemists, drug designers, biochemists, molecular 
biologists, cell biologists, pharmacologists, and (electro)physiolo-
gists to successfully navigate with appropriate tools the  mare mag-
num  of eCB research.     
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  Fig. 3    Signal transduction pathways triggered by endocannabinoids through their main target receptors.  AC  
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    Chapter 2   

 Extraction and Simultaneous Quantifi cation 
of Endocannabinoids and Endocannabinoid-Like Lipids 
in Biological Tissues                     

     Laura     Bindila     and     Beat     Lutz      

  Abstract 

   Extraction and quantifi cation of endocannabinoids (eCBs) from biological tissues are essential to unravel 
their changes in physiological and pathophysiological conditions. We describe here an analytical protocol 
for extraction of endocannabinoids, anandamide (AEA) and 2-arachidonoyl glycerol (2-AG), 
endocannabinoid- like lipids such as palmitoyl ethanolamide (PEA) and oleoyl ethanolamide (OEA), as 
well as arachidonic acid (AA) from biological tissues using liquid-liquid extraction method and simultane-
ous quantifi cation by liquid chromatography multiple reaction monitoring (LC/MRM).  

  Key words     Endocannabinoids  ,   Endocannabinoid-like lipids  ,   Liquid-chromatography  ,   Multiple reac-
tion monitoring  ,   Lipid extraction  

1      Introduction 

 The endocannabinoids (eCBs), anandamide (AEA) and 2- arachi-
donoyl   glycerol (2-AG),  and   endocannabinoid-like lipids such as 
palmitoyl ethanolamide (PEA) and oleoyl ethanolamide (OEA)  are 
  bioactive lipids originating from the degradation of phospholipids 
and serve themselves as substrate to  other   bioactive lipids, such as 
the large family of lipid signaling molecules of the prostaglandin 
class. The endocannabinoid (eCB) system is involved in the regula-
tion of a multitude of physiological and pathophysiological mecha-
nisms in central and peripheral nervous system, immune system and 
peripheral organs, and is recognized as potential therapeutic target 
system. Accordingly, the determination of the spatial and temporal 
dynamics of the eCB levels of various physiological and pathophysi-
ological states in various biological matrices has become a relevant 
goal in (pre)clinical research. 

    Mass spectrometry (MS) is nowadays the core technology in 
molecular characterization of biological matrices, and has been in 
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fact the crucial technology in discovery and quantifi cation of endo-
cannabinoids. Advances in the MS technology, particularly in 
MS-based quantitative assay  using   liquid chromatography (LC) cou-
pled  to   multiple reaction monitoring (MRM), have allowed fast and 
so far the most sensitive quantitative assay for eCBs in various bio-
logical matrices, tissues, cells, and biological fl uids [ 1 – 3 ]. Main chal-
lenges associated with quantifi cation of eCBs stem from their 
originally low concentration in biological matrices, the diversity of 
biological matrices where they are present, and their rapidly chang-
ing levels during and post sample isolation through ex vivo degrada-
tion and synthesis, and chemical modifi cation such as isomerization 
and oxidation. Such artifi cial changes in the eCB levels readily occur 
due to small variations in temperature and time of tissue sampling 
and handling, materials and equipment for tissue processing, and 
extraction conditions, making the comparative studies as well as 
inter- and intra-laboratory reproducibility challenging. 

 Here we describe an analytical protocol for simultaneous profi l-
ing of AEA and 2-AG, 1-AG, PEA, OEA,  and   AA using liquid- 
liquid extraction and quantitative assessment by LC/MRM. This 
protocol is amenable for a variety of biological tissues originating 
from brain, peripheral organs, bones, fat tissues, and muscles in 
terms of (a) tissue handling and extraction of eCBs with minimum 
and controlled ex vivo alteration of their levels, (b) inter- and cross-
study reproducibility of the quantitative eCB data, (c) easy adapt-
ability to various type, size, texture, and composition of tissues, and 
(d) amenability to higher throughput processing [ 4 – 7 ] (Fig.  1 ).
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  Fig. 1    Schematic representation of the analytical workfl ow for extraction and quantifi cation of AEA, 2-AG, 
1-AG, PEA, OEA, and AA       

 

Laura Bindila and Beat Lutz



11

2       Materials 

 Prepare all solutions for extraction of eCBs and LC/MRM analysis 
using LC/MS-grade water and solvents. Use only freshly prepared 
solutions. 

       1.    Homogenization solution: 0.1 M Formic acid.   
   2.    Extraction solution: Ethylacetate/ n -hexane (9:1; v/v).   
   3.    Extraction tubes: 1.2 ml Strips ( see   Note 1 ).   
   4.    1.5 ml Tubes for recovery of the lipid extracts ( see   Note 2 ).   
   5.    Steel balls ( see   Note 3 ).   
   6.    Precision balance maintained at 4 °C.   
   7.    Evaporator.   
   8.    Tissue lyser.   
   9.    Centrifuge.   
   10.    Vortex.      

       1.    Deuterated standards: AEA-d4, 2-AG-d5, AA-d8, OEA- d2, 
PEA-d4, 1-AG-d5. Aliquot the original samples in acetonitrile 
and store at −20 °C ( see   Note 4 ).   

   2.    Standard: AEA, 2-AG, AA, OEA, PEA, 1-AG. Aliquot the origi-
nal samples in acetonitrile and store at −20 °C ( see   Note 5 ).      

       1.    LC solvents: Solvent A 0.1 % formic acid in water; solvent B 
0.1 % formic acid in acetonitrile.   

   2.    LC glass vials with siliconized inserts ( see   Note 6 ).   
   3.    LC column: 2.5 μm C18(2)-HST column, 100 mm × 2 mm, 

combined with a pre-column (C18, 4 mm × 2 mm).   
   4.    Autosampler maintained at 4 °C.   
   5.    LC instrument.   
   6.    5500 QTrap triple-quadrupole linear ion trap mass spectrom-

eter equipped with a Turbo V Ion Source (AB SCIEX) and 
polarity switching mode or another triple-quadrupole mass 
spectrometer.   

   7.    LC quality control sample: Mix deuterated eCB standards and 
standard eCBs to an equimolar mixture in acetonitrile/water 
(1:1, v/v). Store at −20 °C before use.   

   8.    Acetonitrile/water solution (1:1, v/v), prepare fresh and 
maintain at 4 °C.   

   9.    Acetonitrile/isopropanol solution (1:1, v/v), prepare fresh 
and maintain at 4 °C.      

2.1  Tissue Extraction 
Components

2.2  eCB Internal 
Standards 
and Calibration 
Standards

2.3  LC/MRM

Quantifi cation of Endocannabinoids
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       1.    Fluostar instrument.   
   2.    BCA working reagent and calibrants.   
   3.    BCA well plates.   
   4.    1.5 ml Tubes.       

3    Methods 

       1.    Isolate the tissue according to its source within the same time 
frame for all samples to be investigated ( see   Note 7 ).   

   2.    If necessary to dissect tissue or remove specifi c (sub)areas of 
tissues, or perform punches, carry out this step on ice or at 
cold temperature ( see   Note 8 ).   

   3.    Use precooled 1.5 or 2 ml tubes to transfer the tissue follow-
ing sampling.   

   4.    Snap freeze immediately the tissue and store at −80 °C 
( see   Note 9 ).      

       1.    Equilibrate extraction tubes to 4 °C for 30 min.   
   2.    Equilibrate balance at 4 °C and calibrate.   
   3.    Precool centrifuge at 4 °C.   
   4.    Prepare fresh homogenization and extraction solution, cool, 

and keep at 4 °C.   
   5.    Place tubes containing the frozen tissue on dry ice.   
   6.    Cool steel balls at 4 °C.      

       1.    Tare the cooled extraction tubes on balance ( see   Note 10 ).   
   2.    Transfer the frozen tissue from the original tubes to the extrac-

tion tubes and weigh ( see   Notes 11  and  12 ).   
   3.    Place the extraction tubes containing the weighed tissue imme-

diately on dry ice.      

        1.    Prepare spiking solution of deuterated internal standards: Set the 
target concentration of each internal standard in the fi nal extracts 
(50 μl) for LC/MRM analysis. Prepare a mixture of deuterated 
eCB standards in acetonitrile to a 20 times higher concentration 
than the target concentration in the fi nal extracts for LC/
MRM. The volume of spiking solution needed is 50 μl × no. of 
samples + no. of calibration solutions × 50 μl. Keep the spiking 
solution at 4 °C till extraction of samples ( see   Note 13 ).   

   2.    Add cold steel balls in the extraction tubes.   
   3.    Dilute 1:20 in acetonitrile a volume of spiking solution corre-

sponding to 50 μl × no. of samples. Perform this step on ice.   

2.4  BCA

3.1  Tissue Isolation 
and Pre- processing

3.2  Preliminary 
Steps for Extraction 
of eCBs from Tissues

3.3  Tissue Weighing

3.4  Extraction 
of eCBs
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   4.    Accurately pipette 50 μl of the diluted cold spiking solution to 
each sample.   

   5.    Add 500 μl of cold homogenization solution, followed by 
300 μl cold extraction solution ( see   Note 14 ).   

   6.    Place the extraction tubes in tissue lyser holder and prepare a 
counterbalance plate.   

   7.    Homogenize without delay in tissue lyser. Typical settings for 
homogenization: one cycle of 30 s at 30 Hz ( see   Note 15 ).   

   8.    Transfer immediately the extraction tubes from tissue lyser to 
precooled (4 °C) centrifuge.   

   9.    Centrifuge the extraction tubes for 10 min at 8000 ×  g , at 4 °C.   
   10.    Transfer the extraction tubes in a precooled metal rack and 

place them at −20 °C for 10–30 min to freeze the lower aque-
ous phase.   

   11.    Recover the organic phase into 1.5 ml tubes. These tubes will 
contain the lipid extracts.   

   12.    Place the tubes containing the organic phase into pre-set evap-
orator at 37 °C and evaporate to dryness. These tubes will con-
tain the extracted lipids, e.g., eCBs ( see   Note 16 ).   

   13.    Store the remaining aqueous phase from  step 10  at −20 °C 
( see   Note 17 ).      

       1.    Calibration curve solutions: Prepare fresh, on the day of analysis, 
a mixture of standard eCBs in acetonitrile in an LC glass vial. 
Pipette increasing volumes of this standard eCB mixture into 
LC glass vials in order to create a calibration curve. Add 50 μl of 
spiking solution of internal standards ( see  Subheading  3.4 ) to 
each vial and complement with appropriate volume of acetoni-
trile up to 500 μl and then add 500 μl of water in each vial to 
make up for 1 ml each calibration solution ( see   Note 18 ).   

   2.    Accurately pipette cold 50 μl acetonitrile/water into the tubes 
containing the dry lipid extracts.   

   3.    Vortex for 30 s at room temperature.   
   4.    Centrifuge for 3 min at 10,000 ×  g  at 4 °C.   
   5.    Transfer 30 μl of the sample solutions from tubes into LC glass 

inserts, placed into LC glass vials, and close with open lid caps 
( see   Note 19 ).   

   6.    Place the sample-containing LC vials and the vials containing 
calibration standards into autosampler maintained at 4 °C.   

   7.    Set the following conditions for LC/MRM method 
( see   Note 20 ):     

   LC gradient: Increase acetonitrile containing 0.1 % formic acid 
over 2 min from 55 to 90 %, and maintain it at 90 % for 
5.5 min. 

3.5  LC/MRM

Quantifi cation of Endocannabinoids
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  LC fl ow rate: 300 μl/min. 
   LC injection volume: 20 μl; use pre- and post-syringe 

cleaning. 
   Ion source: +4800 V for positive ion mode, −4500 V for nega-

tive ion mode; curtain gas: 40; temperature (TEM): 550 °C; ion 
source gas 1 and 2: 50; polarity switching time: 50 ms. 

      MRM transitions in positive ion mode: AEA,  m / z  348.3 to 
 m / z  62.1; AEA-d4,  m / z  352.3 to  m / z  62.1; 2-AG,  m / z  379.1 
to  m / z  287.2; 2-AG-d5,  m / z  384.2 to  m / z  287.2; PEA,  m / z  
300.2 to  m / z  62.1; PEA-d4,  m / z  304.2 to  m / z  62.1; OEA, 
 m / z   326.2 to m / z 62.1 ;  OEA - d2 ,  m / z 328.2 to m / z 62.1 . 

   Compound parameters in positive ion mode: EP: 10 V; dwell 
time: 20 ms; DP: 70 V; CE: for AEA, AEA-d4, 2-AG, 2-AG-
d5 22 V, for OEA, PEA, PEA-d4 21 V and for OEA-d2 23 V; 
CXP: for AEA, AEA-d4 9 V, for 2-AG, 2-AG-d5 30 V, for 
OEA, OEA- d2, PEA, PEA-d4 10 V. 

   MRM transitions negative ion  mode   AA,  m / z  303.05 to  m / z  
259.1; AA-d8,  m / z  311.04 to  m / z  267.0. 

   Compound parameters in negative ion mode: EP: −10 V; dwell 
time: 50 ms; DP: −200 V; CE: −19 V; CXP: −12 V.

    8.    Equilibrate the LC/MRM system with the instrument default 
method for equilibration, for 2–5 min.   

   9.    Equilibrate LC/MRM system with the method for eCB analy-
sis for 5–10 min.   

   10.    Verify the performance of the LC/MRM using the LC quality 
control sample.   

   11.    Write a sample batch for LC/MRM analysis. A minimum of 
three calibration curves are necessary: one at the beginning of 
the batch, one in the middle of the batch, and one at the end 
of the batch. Place a wash run before and after every calibra-
tion curve. For the wash run inject 20 μl of acetonitrile/iso-
propanol (1:1, v/v). Run regularly LC quality control samples 
(it can also be a calibration solution) between samples without 
pre- or post-quality control wash run.     

   Run minimum fi ve washes: by injecting 20 μl of acetonitrile/
isopropanol (1:1, v/v) after batch analysis, followed by control 
sample of the system ( see   Note 21 ).

    12.    Following analysis remove the LC glass vials containing the 
samples from the autosampler, replace the open lid caps with 
closed lid caps, and store the remaining solution at −20 °C.   

   13.    Quantify the data using the Analyst software.   
   14.    Import the Analyst-calculated concentrations of eCBs into an 

Excel sheet. Input the tissue weight and/or protein amount 
corresponding to every sample and normalize the values of the 
Analyst-calculated concentrations of eCBs to tissue weight 
and/or protein content.   

Laura Bindila and Beat Lutz
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   15.    Perform statistical analysis when sample groups are to be 
compared.    

         1.    Remove the extraction tubes containing the aqueous phase 
from −20 °C and let it thaw for 30 min.   

   2.    Dilute 1:10 a volume of 20 μl aqueous phase and run BCA 
assay according to the provider’s instructions. Repeat the mea-
surement with another dilution rate if the protein values are 
out of range.   

   3.    Retrieve and store the protein concentration data.       

4    Notes 

     1.    2 ml Precellys tubes can alternatively be used when the tissue 
samples are large and do not fi t into the 1.2 ml strips.   

   2.    When processing more samples, in our hands more than 20, 
we use microtiter plates or deep well plates to increase the 
speed of pipetting.   

   3.    Even though one steel ball can be used, we fi nd it more effec-
tively to use small steel balls for homogenization with the tis-
sue lyser. Ceramic beads can alternatively be used.   

   4.    We typically dilute the deuterated standards as obtained from 
provider in acetonitrile and further aliquot. To avoid isomeri-
zation or other chemical modifi cations we do not thaw and 
freeze these aliquots for multiple use, but use them one time 
for tissue extraction.   

   5.    We typically dilute the standards as obtained from provider in 
acetonitrile and further aliquot. To avoid isomerization or 
other chemical modifi cations we do not thaw and freeze these 
aliquots for multiple use, but use them one time for tissue 
extraction.   

   6.    When processing more than 20 samples we use coated (e.g., 
silic-onized) microtiter or deep well plates for LC/MRM anal-
ysis to increase the speed of pipetting. Moreover, the storage of 
the rest samples post-analysis is more space effective.   

   7.    Because postmortem alteration of eCB levels is readily occur-
ring it is essential that tissue sampling is as fast as possible, 
irrespective of the tissue origin, to prevent such alterations. 
Moreover, for reliable comparative studies and minimum vari-
ability in the eCB levels due to tissue sampling procedure, the 
time required for sampling has to be equal for all samples to be 
compared in one or more biological replicate analysis.   

   8.    When tissue dissection or isolation of specifi c subregions of tis-
sues is necessary, place the original tissue directly on ice to 
perform such isolation. Also, any transport of the tissue from 

3.6  BCA Assay
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one bench or lab to another has to be carried out on ice. For 
tissues such as brain, we typically freeze the entire brain at 
−80 °C prior to dissection, and then for brain region isolation 
we thaw the brain on ice and perform the isolation at 4 °C. This 
way the time and temperature conditions necessary to perform 
region isolation can be controlled to be similar and short for all 
samples to be compared to prevent variability in the rate of 
ex vivo synthesis/degradation of eCBs.   

   9.    For tissue samples where multiple types of analysis has to be 
carried out from the same tissue source, but precluding pitfalls 
due to tissue heterogeneity, we pulverize the tissue and split for 
the corresponding analysis. When the tissue samples are hard 
tissues such as bone, or fi brous tissues such as heart and lungs, 
we cut the tissue in smaller pieces while frozen using a steel 
scissors or cutter to enhance the homogenization step.   

   10.    Place the balance in the cold room to carry out the weighing or use 
a balance with a temperature control, maintaining it at 4 °C to 
avoid tissue thawing. Also, make sure that you do not hold the 
tubes in your hands more than necessary to avoid thawing of the 
tissue. The tissue weighing is time consuming, when analyzing 
large number of samples. We do weigh the tissue only if the biologi-
cal question specifi cally requires normalization of the eCB values to 
tissue weight, or when reference/comparison to previously pub-
lished data on eCB levels/tissue weight is necessary (see Note 17).   

   11.    For larger tissues, we reduce the tissue sample by cutting or by 
pulverization and splitting the sample. We typically do not pro-
cess tissue samples larger than 30 mg using this extraction 
method. This is due to increased diffi culty for lipid-protein- 
phase separation under the limited volume of homogenization 
and extraction solvent used for these tubes and additionally 
because the homogenization becomes often ineffective, or 
requires too many homogenization cycles that lead to tempera-
ture increase in the sample, hence ex vivo eCB level alteration.   

   12.    For very small tissues, such as biopsies or punches, we do not 
weigh the tissue at all, because it leads to fast, uncontrollable 
thawing during handling, which in turn leads to ex vivo degra-
dation/synthesis of the eCBs and consequently to large variabil-
ity in the eCB levels. In such cases, protein content (determined 
by a protein assay of the aqueous phase, see below extraction 
procedure) will be used to normalize the eCB values.   

   13.    The target concentration of the internal standards in the fi nal 
extracts is set based on preliminary tests on reference tissues. 
We typically use a target concentration of deuterated standards 
corresponding to the middle calibration curve of the LC/
MRM, which in turn is tailored using reference tissue to 
encompass the reference values of eCB levels for the tissue type 
under investigation.   
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   14.    Irrespective of the tissue type, we invariably perform tissue 
lysis/homogenization with extraction solvent included. In our 
hands, this gave the highest abundance of the endogenous 
eCBs in LC/MRM analysis, possibly due to a more effective 
release of eCBs from their location in the tissue.   

   15.    Visually inspect the homogenized samples after one cycle and 
assess if pieces of tissue are still visible. If so, repeat for one or 
two cycles of homogenization. Homogenization and extrac-
tion solvent volume can additionally be added, if the phase 
separation is not appropriate that is usually the case for very 
large samples.   

   16.    If not possible to analyze immediately the samples by LC/
MRM, store the dried extracts at −20 °C.   

   17.    The aqueous phase can be used to determine the protein con-
tent of the tissue by a protein assay and normalize the eCB 
values to this content ( see  also  Note 12 ) as an alternative to 
weight for small tissue samples such as biopsies and punches. 
We typically use normalization to protein content because of 
increased throughput possible, as compared to weighing.   

   18.    The calibration curve range is tailored to the tissue type using 
reference tissue. We use the eCB levels determined in a 
reference.   

   19.    We typically transfer 30 μl of the extracts into LC vials or well 
plates for analysis. The leftover 20 μl of extracts are immedi-
ately frozen and stored at −20 °C for an additional analytical 
replicate if necessary, or can be used for additional analysis in 
another ionization mode, if polarity switching is not available 
on the mass spectrometer.   

   20.    The parameters and conditions for LC/MRM are valid for the 
lab equipment mentioned here. For other MS, LC instru-
ments, or other LC column provider type all these settings 
have to be optimized accordingly. When polarity switching 
mode is not available, you can use the rest of the eCB extract 
to analyze the sample in the additional ionization mode.   

   21.    Typically, we run a quality control every 20 biological samples 
and a calibration curve every 40 biological samples.         
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    Chapter 3   

 Determination of 2-Arachidonoylglycerol by μSPE-LC-MS/MS                     

     Natalia     Battista     and     Manuel     Sergi      

  Abstract 

   LC-MS/MS is a powerful analytical technique that provides unequivocal identifi cation and reliable quan-
tifi cation of the analytes, using Selected Reaction Monitoring or Multi Reaction Monitoring acquisition 
mode. 

 2-Arachidonoylglycerol (2-AG) is the most abundant endocannabinoid, which plays a major role in a 
wide variety of physiological and pathological processes. Analysis of 2-AG by means of LC-MS/MS allows 
the detection of very low concentrations in biological samples. Here, we describe how to determine 2-AG 
levels in tiny samples of tissues and plasma through LC-MS/MS, by using very quick and easy to perform 
extraction procedures, with reduced solvent consumption.  

  Key words     2-AG  ,   μSPE  ,   LC-MS/MS  ,   Plasma  ,   Tissue  

1      Introduction 

 High-performance liquid chromatography (HPLC) is a well- 
established separation technique that is able to solve numerous 
analytical problems. Several developments have been done recently 
to improve HPLC performance, the most important possibly being 
Ultra High  Performance   Liquid Chromatography (UHPLC or 
UPLC) [ 1 ,  2 ]. Yet, due to the cost of UPLC hardware, chromato-
graphic research addressed to improve HPLC performance in 
terms of faster separation and effi ciency. Thus, when UPLC is not 
available, alternative devices and technologies have been developed 
for fast chromatography: high-temperature liquid chromatography 
(HTLC), and use of monolithic supports or of column with super-
fi cially porous packing materials based on silica particles with non-
porous cores [ 3 ]. The latter solution is very interesting, because it 
allows obtaining high effi ciency with common HPLC devices. 

    Liquid chromatography–mass spectrometry or  tandem   mass 
spectrometry (LC-MS or LC-MS/MS) is largely replacing gas 
chromatography (GC)-MS in most biomedical applications, as 
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they do not require derivatization steps and are capable of simulta-
neous determination in a single analysis with reduced sample pre-
treatment [ 4 ]. 

 Moreover, MS/MS is considered necessary to provide 
unequivocal identifi cation and quantifi cation of analytes, due to 
the high selectivity of the MS detector [ 5 ]. The quadrupole is the 
most common mass analyzer, due to its cheapness and high perfor-
mance allowed by high effi ciency transmission. The fi rst implemen-
tation of a two-dimensional MS (MS/MS or MS 2 ) was obtained 
with a triple quadrupole mass analyzer that is nowadays the most 
common device. The fi rst and third (Q1 and Q3) quadrupoles are 
separative, and the second (Q2) is usually a collision cell, where the 
ions can be fragmented, as depicted in Fig.  1 .

   MS 2  enables the reduction of background noise and increase in 
selectivity, two features that also allow different types of experi-
ments: Full Scan (FS), Selected Ion Monitoring (SIM), Product 
Ion Scan (PIS), Precursor Ion Scan, Selected Reaction Monitoring 
or Multi Reaction Monitoring (SRM or MRM), the latter being 
most widely used for the confi rmatory analysis of target 
molecules. 

 LC and MS coupling is not straightforward, as chromato-
graphic separation occurs with neutral molecules in high operating 
pressure solution, while MS responds to ions in the gas phase and 
requires deep vacuum [ 6 ]. 

 The most widely used technique is electrospray ionization 
(ESI), which is suitable for the analysis of medium to highly polar 
compounds. Atmospheric pressure chemical ionization (APCI) is 
more effi cient for nonpolar (hydrophobic) analytes, which do not 
readily form ions in solution [ 7 ]. Instead, thermally labile 
 compounds may decompose in the ionization source, since APCI 
requires a heated nebulizer [ 7 ]. 

  Fig. 1    Schematic description of a triple quadrupole mass spectrometer: fi rst quadrupole (Q1), second quadru-
pole (Q2), which acts as a collision cell, and third quadrupole (Q3)       
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 2-Arachidonoylglycerol (2-AG) is the most abundant endocan-
nabinoid, identifi ed for the fi rst time in brain tissues [ 8 ]. 2-AG plays 
a major role in a wide variety of physiological and pathological 
processes [ 9 ]. The measurement of circulating levels of 2-AG in sev-
eral biological matrices, including also fl uids such  as   blood 
[ 10 – 12 ] and  seminal   plasma [ 13 ], is an essential step to determine 
both “signaling” and “metabolic-intermediate” levels of this endo-
cannabinoid [ 14 ]. Despite great improvements in instrumentation, 
the quantitation of 2-AG remains an analytical challenge, also because 
of its instability that makes it easily isomerize into 1-AG [ 15 ].  

2    Materials 

 2-AG and [ 2 H 8 ]-2-AG standard (0.26 mM, 100 μg/ml in 
acetonitrile). 

 Acetone, acetonitrile, chloroform, formic acid, and methanol 
are of RS-Plus grade. 

 Ultrapure water is produced by a Milli-Q Plus apparatus. 
 OMIX C 18  tips. 
 Kinetex C18-XB chromatographic column (100 × 2.1 mm) 

packed with 2.6 μm average diameter core-shell particles, and pro-
vided with a guard column. 

     Tissues must be snap-frozen in liquid nitrogen after collection (see 
Note 1) and stored at −80 °C (see Note 2).  

       1.    Collect blood in  a   Vacutainer tube with sodium citrate.   
   2.     Centrifuge   blood in the collection tube for 15 min at 150 ×  g  

with brake off switch.   
   3.    Remove the tube from the centrifuge.   
   4.    Transfer plasma (top layer) to a 15 ml centrifuge tube. Be care-

ful not to aspirate cells from the buffy coat (cellular) layer.   
   5.     Centrifuge   plasma in the 15 ml centrifuge tube for 15 min at 

1000 ×  g .   
   6.    Transfer plasma into a 8 ml glass vial and store at −80 °C (see 

Note 2).        

3    Methods 

       1.    Warm at room temperature and vortex the [ 2 H 8 ]-2-AG stan-
dard (stored at −80 °C).   

   2.    Prepare a solution of internal standard (IS) in ice-cold metha-
nol, in order to add 50 pmoles of [ 2 H 8 ]-2-AG per sample.   

2.1  Specimens 
Collection

2.1.1  Tissue

2.1.2  Plasma

3.1  Extraction 
from Tissue

2-AG Analysis
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   3.    Add 1 ml IS solution  per  8 ml glass vial and keep the vial on ice.   
   4.    Weight the frozen tissue and put it in the vial containing the IS 

solution.   
   5.    Homogenize the tissue with an Ultra Turrax T25, keeping the 

vial on ice (see Note 3).   
   6.    Add 2 ml chloroform per vial with vortexing.   
   7.    Add 1 ml water per vial with vortexing.   
   8.    Centrifuge the mixture at 2000 ×  g  at 4 °C for 10 min.   
   9.    Collect the lower organic phase using a Pasteur pipette, and 

discard the upper aqueous layer and the protein disk.   
   10.    Evaporate the solvent to dryness in the vial under a gentle 

nitrogen stream.   
   11.    Plug a Pasteur pipette 5–3/4″ length with glass wool.   
   12.    Prepare a suspension of Silica Gel G (60-Å 230–400 Mesh 

ASTM) in chloroform (1:1, v/v) and load 1 ml of this suspen-
sion onto the Pasteur pipette from  step 11 .   

   13.    Dissolve the dried lipids into 1 ml chloroform.   
   14.    Load the sample onto the Silica G gel column.   
   15.    Wash the vial with 1 ml of chloroform and repeat  step 14 .   
   16.    Elute the analyte from the column with 1 ml of chloroform/

methanol (9:1, v/v) and recover the eluate. Repeat  step 16 .   
   17.    The collected eluate is dried under a gentle nitrogen stream.   
   18.    Dissolve the dried lipids into 100 μl methanol and transfer the 

mixture to 1 ml glass vial with 0.1 ml conical glass insert.   
   19.    The vial is transferred into the autosampler for the LC-MS/

MS analysis.      

       1.    Warm at room temperature and vortex the [ 2 H 8 ]-2-AG stan-
dard stored at −80 °C.   

   2.    Prepare a solution of IS in 200 mM formic acid in ice-cold 
methanol, in order to add 2 pmoles of [ 2 H 8 ]-2-AG per 
sample.   

   3.    Mix 100 μl  of   plasma with 100 μl of IS solution.   
   4.    Sonicate the sample in an ultrasonic bath for 6 min at room 

temperature.   
   5.    Centrifuge at 17,500 ×  g  for 6 min at 4 °C.   
   6.    Recover the upper phase and transfer into a 1 ml glass vial with 

0.1 ml conical glass insert.   
   7.    Condition the μSPE tip by fl ushing four times a 1:1 ultrapure 

water/acetonitrile solution and four times a 1:1 ultrapure 

3.2  Extraction 
 from Plasma 
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water/200 mM formic acid in methanol using an automatic 
propipette.   

   8.    Load the sample by inserting the OMIX C 18  tip into the vial 
containing the sample, and perform fi ve load/release cycles.   

   9.    Wash with 100 μl of a 9:1 (v/v) water/methanol solution (fi ve 
load/release cycles).   

   10.    Elute the analytes with 50 μl of 10 mM formic acid in metha-
nol. Repeat this step fi ve times, performing fi ve load/release 
cycles for each step.   

   11.    The collected eluate is transferred into 1 ml glass vial with 
0.1 ml conical glass insert.   

   12.    The vial is transferred into the autosampler for the LC-MS/
MS analysis.      

   The chromatographic run is carried out by means of a Series 200 
system with 2 μ-LC pumps and autosampler from Perkin Elmer 
(Norwalk, CT, USA). The HPLC system is coupled to an API 
2000 triple quadrupole mass spectrometer from ABSciex (Toronto, 
ON, Canada), equipped with a TurboIonSpray source. 

 The mobile phases are water (A) and 2.5 mM formic acid in 
methanol (B), at a fl ow rate of 0.4 ml min −1 . Only 0.1 ml min −1  is 
driven into the ion source by means of a 1:4 split. A gradient elution 
is applied, so that the organic phase increases from 80 to 84 % in 
3 min and then to 100 % in 1 min. After 3 min at 100 % of organic 
phase, the column is led to the original ratio of 20 % B and 80 % 
A within 3 min, in order to enable equilibration of the column. 

 A timed switch valve (10-PORT Valco valve connected to the 
instrument) drives the effl uent to the source only from 3 to 
6.5 min. The resulting total run-time is 10 min. 

 All the analytes are detected in positive ionization mode with a 
capillary voltage of 5000 V and nebulizer gas (air) at 90 psi, while 
the turbo gas (nitrogen) is at 40 psi and 400 °C. For each analyte, 
 two   MRM transitions are selected. All sources and instrument 
parameters for the monitored analytes are tuned by injecting stan-
dard solutions at a concentration of 100 ng ml −1  (containing 
10 mM of formic acid) at 10 μl min −1  by a syringe pump. 

 Peak areas for the selected ions are determined using ABSciex 
package Multiview 1.4 and quantitation is performed by the IS 
method. The selected transitions, together with the main LC-MS/
MS parameters, are reported in Table  1 (see Note 4) .

   The quantifi cation of 2-AG is accomplished by the use of 
deuterium- labeled IS  vs  a calibration curve in methanol acidifi ed 
with 10 mM formic acid, in a 2.64–528 nM range (see Note 5). 

 A chromatogram showing the separation between 2-AG and 
1-AG, obtained with the above described experimental conditions, 
is reported in Fig.  2 .

3.3  LC-MS/MS 
Analysis

2-AG Analysis
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   Table 1  
  LC-MS/MS parameters for 2-AG and its IS   

 Analyte   RT  (min)  Q1 (amu)  DP (V)  FP (V)  EP (V)  Q3 (amu)  CE (V)  CXP (V) 

 2-AG  4.2  379.1  21  400  7  287.2  21  15 

 269.1  26  14 

 [ 2 H 8 ]-2-AG  4.2  387.2  21  400  7  295.0  21  15 

   RT  retention time,  Q1  precursor ion mass,  DP  declustering potential,  FP  focusing potential,  EP  entrance potential,  Q3  
product ion mass,  CE  collision energy,  CXP  cell exit potential  

  Fig. 2    Chromatogram of 2-AG and 1-AG obtained by LC-MS/MS in MRM acquisition mode       
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4        Notes 

     1.    Use only Tefl on caps, glass vials, and glass pipettes.   
   2.    Biological samples must be snap-frozen at −80 °C immediately 

after collection.   
   3.    It may be useful to normalize the amount of lipids to the pro-

tein content of the samples (cells or tissues). Before starting the 
extraction procedure, take 20 µl aliquots from the homoge-
nates and determine protein concentration by using a Bradford 
protein concentration assay.   

   4.    Perform quantitative analysis by selecting the [M + H] +  adduct: 
2-AG may form [M + Na] +  adducts which do not lead to any 
fragmentation. It is important to verify the ratio between the 
[M + H] +  adduct and the [M + Na] +  adduct, to avoid dramatic 
loss in sensitivity.   

   5.    Plot calibration curves as the peak area ratio of the analyte over 
its respective IS against the nominal concentration of the cali-
brator, by least square linear regression.         
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    Chapter 4   

 Analysis of Omega-3 Fatty Acid Derived 
 N  -Acylethanolamines in Biological Matrices                     

     Renger     F.     Witkamp     and     Michiel     G.  J.     Balvers      

  Abstract 

   The adequate quantifi cation of endocannabinoids can be complex due to their low endogenous levels and 
structural diversity. Therefore, advanced analytical approaches, such as LC-MS, are used to measure endo-
cannabinoids in plasma, tissues, and other matrices. Recent work has shown that endocannabinoids that 
are synthesized from n-3 fatty acids, such as docosahexaenoylethanolamide (DHEA) and eicosapentae-
noylethanolamide (EPEA), have anti-infl ammatory and anti-tumorigenic properties and stimulate synapse 
formation in neurites. Here, an LC-MS based method for the quantifi cation of n-3 endocannabinoids 
DHEA and EPEA which is also suited to measure a wider spectrum of endocannabinoids is described. The 
chapter contains a step-by-step protocol for the analysis of n-3 endocannabinoids in plasma, including 
sample collection and solid phase extraction, LC-MS analysis, and data processing. Modifi cations to the 
protocol that allow quantifying n-3 endocannabinoids in tissues and cell culture media will also be dis-
cussed. Finally, conditions that alter endocannabinoid concentrations are briefl y discussed.  

  Key words     Endocannabinoids  ,   n-3 Fatty acids  ,   Docosahexaenoylethanolamide  ,   Eicosapen-
taenoylethanolamide  ,   Solid phase extraction  ,   LC-MS  

1      Introduction 

 According to the current (IUPHAR) classifi cation system,    endo-
cannabinoids constitute a relatively small group of fatty  acid- derived 
endogenous ligands of the cannabinoid receptors CB 1  and CB 2  
[ 1 ]. From a biochemical perspective, these endocannabinoids are 
part of a large family of structurally related amides, esters, and 
ethers  of   fatty acids, which are continuously formed and degraded 
in a dynamic equilibrium. The so-far best studied group of endo-
cannabinoids is the class of  N -acylethanolamines (NAEs), which 
comprises conjugates of fatty acids  to   ethanolamine, such as 
 arachidonoylethanolamide (AEA,    anandamide) [ 1 ]. Other exam-
ples of endocannabinoids include glycerol esters, such as 
2- arachidonoylglycerol (2-AG), and the dopamine conjugate 
 N -arachidonoyldopamine (NADA) [ 1 ]. 
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 Next to AEA,    ethanolamine conjugates have been described 
for palmitic acid, stearic acid, and the n-3 fatty acids docosahexae-
noic acid and eicosapentaenoic acid [ 2 – 5 ]. It has been shown that 
cells are able to “combine”  different   fatty acids and biogenic 
amines, thus producing several possible permutations  of   fatty acid 
amides [ 6 ,  7 ]. Studies have also demonstrated that the local  relative 
availability of  their   fatty acid precursors, which is amongst others 
determined by diet, plays an important role in determining the 
pattern of amide conjugates formed [ 2 ,  3 ]. 

 The high diversity and dynamics of endocannabinoids  and 
  related compounds in tissues demands for adequate methods 
for the quantifi cation. Recently published reports are all using 
advanced analytical chemical techniques, such as gas chromatogra-
phy coupled to mass spectrometry (GC-MS)  or   liquid chromatog-
raphy coupled  to   mass spectrometry (LC-MS), to meet this 
challenge [ 8 ]. MS-based methods use the molecular mass of a 
compound to detect it, which allows simultaneously measuring a 
broad range of compounds in a single sample. The molecular mass 
of a compound is more specifi c than, e.g., its ultraviolet (UV) 
absorbance characteristics, and therefore MS analysis results in 
higher specifi city. Another advantage of MS over optical detectors 
is that similar molecules of different molecular weight can be 
 measured even when there is  no   chromatographic separation. 

 Typically, published methods on the quantifi cation of “classical” 
endocannabinoids and related compounds are focusing on a 
 limited number of molecules derived from selected  precursor   fatty 
acids, such as AEA, 2-AG, palmitoylethanolamine (PEA), and 
oleoylethanolamine (OEA). However, increasing data underline 
the (patho-) physiological relevance of compounds derived from 
other biologically  important   fatty acids. For instance, n-3 fatty 
acids are abundantly present in brain and important for brain 
 functioning. We have also shown, using LC-MS, that n-3 fatty 
acid- derived endocannabinoids such as docosahexaenoylethanol-
amine (DHEA) and eicosapentaenoylethanolamine (EPEA) are 
present in mammalian plasma and other tissues, in concentrations 
similar to that of the “classical endocannabinoids” ( see  Fig.  1  for 
molecular structures) [ 4 ,  5 ,  9 ]. Work from our lab and others has 
also shown that DHEA and EPEA have biological effects on 
immune cells [ 10 ,  11 ], cancer cells [ 12 ,  13 ], and hippocampal cells 
[ 14 ]. Based on  their   affi nity for CB 1  and CB 2 , DHEA and EPEA 
could be classifi ed as “true” endocannabinoids, although much of 
their bio-activity appears to be not directly related to cannabinoid 
receptors alone [ 11 ,  12 ].

   In this chapter, we describe a protocol for the quantifi cation 
of the n-3 fatty acid-derived endocannabinoids DHEA and EPEA 
 in   plasma using LC-MS. This method allows determining a wider 
spectrum of endocannabinoids, including AEA, 2-AG, and NADA, 
which we will also address briefl y where relevant. Depending on 
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the sensitivity of the LC-MS system, 0.1–1 ml of plasma is suffi -
cient to obtain adequate peaks. Plasma is collected  from   blood, 
and a plasma extract is made using acetonitrile (ACN), which is 
subsequently washed and concentrated  using   solid phase extrac-
tion (SPE). The eluate from the SPE step is evaporated to dryness, 
reconstituted, and subsequently analyzed using LC-MS. Proper 
data analysis is also crucial. Modifi cations to determine endocan-
nabinoid levels in other matrices will also be discussed.  

2     Materials 

 Water and solvents should be of high purity. Different suppliers 
might use different terminology, such as “LC-MS grade” or “ULC 
grade.” Fresh,  ultrapure   deionized water is preferred, as it is  present 
in most labs. MQ water of >18 MΩ at 25 °C is a good option. 

 Polypropylene-based plastics show good recoveries during the 
sample preparation; glass should be avoided, in particular for the 
vacuum concentration step [ 15 ]. 

     Prepare a set of calibration solutions in ACN containing the con-
centrations described in Table  1 . Store at −80 °C ( see   Note 1 ). All 
calibrators have the same concentration of deuterated analogues. 
During LC-MS analysis, both the intensity of the natural com-
pound (e.g., AEA) and its deuterated analogue (e.g., AEA-d8) will 
be measured. The AEA:AEA-d8 ration will be proportional to the 
concentration. Deuterated standards will also be spiked to  the 
  plasma samples in exactly the same amounts as present in the cali-
brators ( see   Note 2 ).

2.1  Analytical 
Standard Solutions

2.1.1  Calibration Curve 
Solutions

  Fig. 1    Molecular structures for DHEA and EPEA       
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      Prepare the spiking solution containing 312.5 ng/ml AEA-d8, 
7500 ng/ml 2-AG-d8, and 312.5 ng/ml OEA-d8 in ACN 
( see   Note 2 ). Store at −80 °C.  

   Prepare the reconstitution solution containing 12.5 ng/ml PEA- 
d4 in ACN. Store at −80 °C. It is recommended to make amounts 
suffi cient to run hundreds of samples.   

        1.    100 mM phenylmethanesulfonyl fl uoride (PMSF) solution in 
isopropanol. Store at 4–8 °C. A volume of 10 ml of 100 mM 
PMSF solution is suffi cient to collect hundreds of samples. 
PMSF is an  enzyme   inhibitor which also  inhibits   fatty acid 
amide  hydrolase   (FAAH), the principal NAE-degrading 
enzyme ( see   Note 3 ).   

   2.    Deuterated standard spiking work solution containing 100 μM 
PMSF. Make a tenfold dilution of the deuterated standard 
spiking stock solution in acetonitrile,    and add 100 mM PMSF 
to a fi nal concentration of 100 μM. Make this solution fresh 
for every batch. Ensure that the stock solution has reached 
room temperature before opening the vial.   

2.1.2  Deuterated 
Standard Spiking Stock 
Solution

2.1.3  Reconstitution 
Solution

2.2  Solutions 
and Reagents

    Table 1  
  Overview of concentrations in calibration curve solutions   

 cal8  cal7  cal6  cal5  cal4  cal3  cal2  cal1 

  Concentration  ( ng / ml ) 

 AEA  406.50  135.50  45.17  15.06  5.02  1.67  0.56  0.19 

 2-AG  5617.00  1872.33  624.11  208.04  69.35  23.12  7.71  2.57 

 DLE  140.40  46.80  15.60  5.20  1.73  0.58  0.19  0.064 

 OEA  140.40  46.80  15.60  5.20  1.73  0.58  0.19  0.064 

 PEA  140.40  46.80  15.60  5.20  1.73  0.58  0.19  0.064 

 SEA  69.50  23.17  7.72  2.57  0.86  0.29  0.10  0.032 

 DHEA  140.40  46.80  15.60  5.20  1.73  0.58  0.19  0.064 

 EPEA  500.00  166.67  55.56  18.52  6.17  2.06  0.69  0.23 

 AEA-d8  31.25  31.25  31.25  31.25  31.25  31.25  31.25  31.25 

 2-AG-d8  750  750  750  750  750  750  750  750 

 PEA-d4  12.5  12.5  12.5  12.5  12.5  12.5  12.5  12.5 

 OEA-d4  31.25  31.25  31.25  31.25  31.25  31.25  31.25  31.25 

  These are values that are normally used on our lab. Typically, our lower limit of quantifi cation (LLOQ) is in the range 
of cal1 or cal2  
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   3.    MQ water with 0.133 % trifl uoroacetic acid (TFA). Store at 
room temperature. Prepare fresh solution for each batch. A 
bottle containing 1 l of MQ-0.133 % TFA is suffi cient for 
approximately  60   plasma samples (15 ml/sample).   

   4.    20 % ACN in MQ + 0.1 % TFA. Store at room temperature. 
Prepare fresh solution for each batch. A bottle containing 
100 ml is suffi cient for 50 samples (2 ml/sample).   

   5.    80 % ACN in MQ + 0.1 % TFA. Store at room temperature. 
Prepare fresh solution for each batch. A bottle containing 
100 ml is suffi cient for 50 samples (2 ml/sample).   

   6.    LC eluents A: 40 % MQ water : 40 % methanol : 20 % 
ACN + 0.1 % formic acid (FA).   

   7.    LC eluents B: 70 % methanol : 30 % ACN + 0.1 % FA.      

   For each plasma sample, the following is required:

    1.    One plasma collection tube  containing   ethylenediaminetet-
raacetic acid (EDTA), minimum volume 5 ml, and a 1.5 ml 
Eppendorf cup; 1 ml of plasma or less is required ( see   Note 4 ).   

   2.    One 15 ml tube with screw cap (polypropylene plastic).   
   3.    One 50 ml tube with screw cap (polypropylene plastic).   
   4.    One C8 SPE column (Agilent, Bond Elut C8, 200 mg, 3 ml 

cartridge).   
   5.    One 2 ml Eppendorf cup (polypropylene plastic).   
   6.    One LC injection vial (amber, screw cap) with insert. Most LC 

systems will accept 12 mm × 32 mm vials ( see   Note 5 ).      

       1.    Fume hood.   
   2.    Pipettes, including a large-volume dispenser.   
   3.    Vortexer.   
   4.    Centrifuge suited for 15 ml volume tubes.   
   5.    SPE high-volume cartridges + adapter.   
   6.    SPE manifold, including vacuum pump and stopcocks.   
   7.    Vacuum concentrator.   
   8.    Chromatography column suited for MS analysis, C8.   
   9.    LC-MS/MS system equipped with an electrospray ionization 

(ESI) source ( see   Note 6 ).       

3    Methods 

       1.    Prior to the collection  of   blood from the subject, pre-cool the 
centrifuge to 4 °C.   

2.3  Consumables

2.4  Equipment

3.1  Sample 
Collection
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   2.    Aliquot the PMSF solution; the 100 mM PMSF stock solution 
needs to be diluted in plasma to a fi nal concentration of 
100 μM in isopropanol. Aliquot 1.5 μl of the 100 mM PMSF 
solution in each 1.5 ml Eppendorf tube that will be used to 
store  the   plasma in after collection and centrifugation. Once 
1.5  ml   plasma is added ( step 5 , below), the fi nal concentration 
will be 100 μM PMSF.   

   3.    Collect venous blood, e.g., from the antecubital vein, in the 
EDTA tube ( see   Note 4 ). Measures to limit hemolysis are rec-
ommended as this might release degrading enzymes or inter-
cellular endocannabinoids.   

   4.    Immediately  after   blood collection, spin down the tubes in a 
centrifuge for 10 min at 2000 ×  g  and 4 °C. Tubes that cannot 
be immediately centrifuged should be stored on ice, but should 
always be centrifuged within 20 min after collection. Especially 
when working with a high number of samples, this might lead 
to some variation in time between blood collection and cen-
trifugation. In our experience, this has never led to any obvious 
artifactual changes in measured endocannabinoid levels.   

   5.    Immediately after centrifugation, collect the plasma and trans-
fer 1.5 ml to the Eppendorf tube containing the PMSF. Store 
the sample at −80 °C ( see   Notes 7  and  8 ).      

   Organic solvents and acids are used during sample extraction. Take 
all necessary precautions to create a safe working environment. 
This includes performing all steps  with   organic solvents and acids 
in a fume hood, and wearing gloves and safety glasses at all times.

    1.    Thaw  the   plasma samples. Ensure that all samples have reached 
room temperature before proceeding to the ACN extraction 
step. This may take 30–60 min.   

   2.    While the plasma samples are thawing, prepare the deuterated 
standard spiking work solution.   

   3.    Transfer 1.0 ml of plasma to a clean 15 ml tube.   
   4.    Add 4.0 ml of the deuterated standard spiking work solution 

to the 1.0 ml plasma. The ACN will precipitate all proteins and 
highly lipophilic compounds, while keeping the endocannabi-
noids in solution. The ACN will completely mix with the 
plasma. While adding this solution to the plasma, keep the 
tube on a vortexer running at a gentle pace. Vortexing the 
sample will improve the reproducibility of the precipitation.   

   5.    Centrifuge the 15 ml tubes at 3000 ×  g  for 5 min at room 
temperature.   

   6.    After centrifugation, collect the supernatant and transfer to a 
clean 50 ml tube. To each 50 ml tube, add 15 ml of the 0.133 % 
TFA solution. This will dilute the ACN from  step 4  again to 
20 %, which is adequate for the subsequent SPE clean-up.   

3.2  Sample 
Extraction
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   7.    Prepare the SPE manifold; the vacuum pump is connected to 
the glass manifold, and the SPE columns are connected on the 
manifold through plastic stopcocks that allow controlling the 
fl ow rate of fl uids through the column.   

   8.    Activate the C8 SPE column by applying 1 ml of methanol on 
the column’s fi lter bed. Allow the methanol to run through 
the fi lter by gravitational pull; the stopcock has to be in the 
“open” position. The stopcock should be closed just before 
the bottom of the meniscus reaches the surface of the fi lter; the 
fi lter should remain wet ( see   Note 9 ).   

   9.    Wash the C8 SPE column by applying 1 ml of MQ water on 
the fi lter. Allow the water to run through the fi lter by using the 
vacuum pump that creates a mild vacuum (600–700 mBar) in 
the manifold. The stopcock has to be in the “open” position, 
and should be closed just before the bottom of the meniscus 
reaches the surface of the fi lter. The vacuum pump can be 
turned off when all columns are washed. Again, the fi lter 
should remain wet. There may be some variation in the time 
needed to clear the water through the fi lter. It is advised to 
wash the columns a few at the time, to prevent columns run-
ning dry ( see   Note 10 ).   

   10.    Load the 20 ml of sample (from  step 6 ) to the SPE column. 
First, fi ll the SPE column with 2 ml of sample, then connect the 
high-volume cartridge and adapter on the SPE column, and add 
the remaining 18 ml. Open the stopcock and turn on the vac-
uum  pump   again. It might take a few minutes before all samples 
have run through the SPE column’s fi lter; once completed, 
close the stopcock again. Loading the sample in the 20 % ACN 
in MQ water + 0.1 % TFA solution is critical  for   binding of the 
endocannabinoids to the fi lter. A higher organic solvent content 
may prevent the endocannabinoids to bind to the column.   

   11.    Open the stopcocks again and wash the column with 2 ml % 
ACN in MQ water + 0.1 % TFA solution. This will wash away 
any unbound residue that remained in the fi lter; the endocan-
nabinoids will remain bound to the fi lter. Close the stopcocks 
once the wash has completed.   

   12.    Prepare the manifold for eluting the SPE columns. Turn off 
the vacuum pump, and gently release the vacuum from the 
manifold. Open the manifold, discard the fl uid that has accu-
mulated in the manifold; this contains organic solvents and 
TFA. Adjust the collection vessel rack to accommodate the 
2 ml sample collection tubes. Ideally, the outlet tip of the gas-
ket’s tube connector should be positioned just over the 2 ml 
tube. Close the manifold again. Ascertain that all outlet tips are 
still positioned over the 2 ml collection tubes.   

   13.    Elute the SPE columns by adding 2 ml of 80 % ACN in 
MQ + 0.1 % TFA on the SPE columns. Open the stopcocks and 
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activate the vacuum pump again (600–700 mBar); the eluent 
should drip in the 2 ml collection tube. Close the stopcock 
immediately when the column is completely eluted to prevent 
air violently blowing in the sample and spilling it. It is advised 
to elute the columns a few at the time to prevent this.   

   14.    When all samples are eluted, switch off the vacuum pump and 
gently release the vacuum. Transfer the 2 ml collection tubes 
to a vacuum concentrator and evaporate the sample to full dry-
ness. It may take a few hours before the samples are completely 
dry.    Dried extracts can be stored in −80 °C until LC-MS analy-
sis, or immediately analyzed ( see   Note 11 ).    

     Before LC-MS analyses can be performed, a method has to be 
programmed. Therefore, the different aspects of the method, such 
as chromatography, ion optics settings, and mass spectrometer 
scan events, have to be (experimentally) optimized for the LC-MS 
system. Operating LC-MS systems requires specifi c training and 
expertise, and is usually delegated to specialized technicians. 
Published reports provide a good starting point for optimizing 
the LC-MS settings, but differences between hardware from dif-
ferent manufacturers may exist. It is therefore diffi cult to provide 
a general step-by-step guide on how to perform LC-MS analyses, 
but some general points of attention will be discussed in this 
section.

    1.    The chromatography should be optimized to yield symmetric 
peaks and minimize ion suppression. We have good experience 
with gradient elution using eluents that contain water, metha-
nol, and acetonitrile (eluents A and B,  see  Subheading  2 ). Due 
to the lipophilic nature of the extract, ion suppression may 
negatively infl uence peak heights. Ion suppression can be pre-
vented by modifying the chromatography, hence increasing 
peak height but usually also analysis time. Special attention 
should be paid  when   monoacylglycerol esters such as 2-AG are 
to be determined; 2-AG undergoes isomerization to 1-AG in 
aqueous media, which may have to be resolved chromato-
graphically depending on the research question.   

   2.    We have good experiences with various C8 columns for “con-
ventional”    high-performance liquid chromatography (HPLC) 
analysis (e.g., Waters Xterra MS C8) or ultra- performance   liq-
uid chromatography (UPLC) analysis (e.g., Waters Acquity C8 
BEH UPLC). Generally, UPLC columns can be operated 
against higher backpressures, allowing higher fl ow rates, 
improved separation, and shorter run times. In our hands, a 
2.1 × 100 mm UPLC C8 column and a 12-min gradient elu-
tion protocol with eluents A and B ( see  Subheading  2.2 ) 
resulted in adequate peak shape and recoveries [ 9 ]. Never use 
salt- containing eluents for MS analysis! The chromatography, 

3.3  LC-MS Analysis
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together with the sensitivity of the MS, will determine the 
injection volume of the autosampler. Too high sample volumes 
may  deteriorate   peak shape. Typically, depending on the avail-
able hardware (and sample loops), the injection volume will 
range between 2 and 10 μl.   

   3.    All individual compounds should be infused directly into the 
system in order to tune the MS for the different endocannabi-
noids. In our hands, the parent of DHEA is visible at  m / z  372 
and EPEA at  m / z  346, which correspond to their protonated 
forms. Generally, all ethanolamides, including DHEA and 
EPEA, yield a dominant  m / z  62 fragment when subjected to 
collision-induced dissociation (CID). This fragment corre-
sponds to  the   ethanolamine moiety. Different classes of endo-
cannabinoids, such as monoacylglycerols or the acyldopamines, 
yield different fragmentation patterns. Too high CID energies 
may lead to further fragmentation of the dominant fragment, 
thus resulting in reduced signal intensities. It is therefore 
important to select the appropriate optimal CID energy, which 
has to be determined through experimentation.   

   4.    The performance of an LC-MS method depends on the quality 
of the sample, the chromatographic separation, and the opti-
mization of MS settings. It is highly recommended to perform 
a validation to establish the system performance. Items include 
inter- and intraday accuracy and precision, linearity, limit of 
quantifi cation/detection (LOQ/LOD), freeze-thaw stability, 
ion suppression, and recovery.      

   Chromatograms have to be critically reviewed and adjusted if nec-
essary to ensure that high-quality data are reported for further (sta-
tistical) processing. Attention has to be paid to a few aspects, such 
as retention time shifts, quality control (QC) samples, and fi t of 
calibration curves.

    1.    The accuracy of the calibration curve is essential as it infl uences 
the reported concentration for each sample. Usually, each cali-
bration curve is analyzed in duplicate or triplicate for each run, 
and a single regression equation is generated. The curve fi t can 
be optimized to achieve good accuracy in the concentration 
range relevant to the “unknown” study samples, e.g., by modi-
fying the curve type or “weighing.” The quantifi cation software 
provides several options to achieve this. In addition, calibration 
points at concentrations that are  not   relevant for the study sam-
ples may be unselected, to ensure that the calibration curve has 
optimal fi t in the relevant concentration range.   

   2.    Although most software suites allow for automatic peak pro-
cessing, it is recommended to check all integrations manually. 
Especially in matrices where low concentrations are expected, 

3.4  Data Processing 
and Experimental 
Results
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such as in plasma, small background interferences (“noise”) 
may interfere with peak integration and may severely infl uence 
the results. We have good experience with using peak areas.   

   3.    Correct for the concentration factor that occurs during sample 
preparation. The software reports concentrations as they were 
found in the extract. In case  of   plasma, 100 μL extracts con-
tains the endocannabinoids from 1 ml of original material, 
meaning that the reported concentrations are to be divided by 
10.   

   4.    It is diffi cult to give reference values for endocannabinoids in 
plasma because their levels are modifi ed by a variety of factors 
( see  Subheading  3.6 ). We have  found   human plasma concentra-
tions for most endocannabinoids in the low ng/ml range [ 9 , 
 15 ]. DHEA is present in human plasma whereas EPEA was 
undetectable [ 5 ]. However, EPEA is found in tissues at concen-
trations in the ng/g range  of   animals fed a n-3 fatty rich diet [ 4 ].      

   We have applied the sample preparation protocol for a variety of 
matrices, such as adipose tissue, liver, intestinal tissue, and  cell   cul-
ture media. Here we briefl y describe modifi cations to the standard 
protocol for a selection of matrices other than plasma. 

 Like most tissues, adipose tissue contains higher concentra-
tions of endocannabinoids compared  to   plasma. In our experience, 
adipose tissue did not require SPE  sample   pre-treatment. A simple 
extraction step using ACN followed by sonication was suffi cient to 
accurately determine endocannabinoid levels. To 50–100 mg of 
adipose tissue, 1 ml of ACN containing deuterated standards is 
added, the sample is sonicated for 5–10 s, and centrifuged for 
5 min at 12,000 ×  g  on a table-top centrifuge. The supernatant is 
transferred to a clean 2 ml Eppendorf tube. To the tissue, again 
1 ml of ACN is added, sonicated, and centrifuged, and the super-
natant is pooled. The 2 ml of ACN extract is evaporated to full 
dryness, and subjected to LC-MS analysis as described. 

 Liver and gut tissue contains high concentrations of endocan-
nabinoids. In our experience, 100 mg freeze-dried liver and 50 mg 
freeze-dried gut tissue contain quantifi able amounts of n-3 fatty 
acid-derived endocannabinoids. Liver or gut tissue is processed simi-
lar to plasma, using SPE. First, the tissue is extracted using 2 × 1 ml 
of ACN and sonication. The 2 ml of supernatant is diluted with 8 ml 
of MQ + 0.1 % TFA, and subjected to SPE clean-up similar  to   plasma. 

    Cell culture medium may also contain endocannabinoids. In 
our experience, using 3T3-L1 adipocytes, 2 ml of medium con-
tained quantifi able endocannabinoid levels. To 2 ml of medium, 
2 μl of TFA and the deuterated standards are added, and the acidi-
fi ed medium is directly applied onto activated C8 SPE columns 
and processed as described  for   plasma. Different strategies may be 
used to improve endocannabinoid yield from cultured cells, such 

3.5  Modifi cations 
to the Sample 
Preparation Protocol 
for Matrices Other 
Than Plasma

Renger F. Witkamp and Michiel G.J. Balvers
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as increasing cell numbers, prolonging medium incubation time, 
or stimulation with ionomycin to stimulate immediate release of 
endocannabinoids in the medium.  

    Generally, endocannabinoid levels depend on a variety of factors, 
including dietary composition  of   fatty acids, the presence of infl am-
mation, and postprandial status. DHEA is normally found in 
human and  mouse   plasma, but we have not been able to detect 
EPEA  in   human plasma [ 4 ,  5 ,  15 ]. Experience from animal studies 
demonstrated that EPEA is only detectable in plasma when the 
animals were fed a diet rich in n-3 fatty acids for 6 weeks [ 4 ]. 
Whether EPEA is present in  human   plasma after eating n-3 rich 
diets is not known at present. Both DHEA and EPEA have been 
consistently found in mouse tissues such as adipose tissue, liver, 
and gut. Generally, with increased n- 3   fatty acid content in the 
diet, or during infl ammation, DHEA and EPEA levels were 
increased [ 4 ,  16 ]. Also cultured 3 T3-L1 adipocytes released 
 quantifi able amounts of DHEA and EPEA in the medium [ 5 ].  

   The method described in this chapter is suited to quantify the 
 levels of DHEA and EPEA in plasma and other matrices. As 
 mentioned above, using exactly the same sample preparation steps, 
a wider spectrum of endocannabinoids can be measured, including 
the classical endocannabinoids AEA and 2-AG. These molecules 
can be quantifi ed parallel to DHEA and EPEA in the same sample, 
which requires adding the desired compounds to the calibration 
curve and MS settings. Most MS triple quadrupole equipment can 
easily scan 10–20 compounds in one sample. In our experience, 
quantifying DHEA and EPEA together with the other endocan-
nabinoids provided additional information that helped to under-
stand the dynamic context in which n-3 endocannabinoids are 
present. For instance, with our more comprehensive analytical 
approach, we were able to demonstrate that  specifi c   fatty acid 
enriched diets cause a shift in multiple endocannabinoids, rather 
than affecting only one or two endocannabinoids [ 4 ]. It thus seems 
that establishing a comprehensive “endocannabinoid profi le” 
reveals changes that were not detected using methodology that 
only focuses on a limited number of endocannabinoids.   

4    Notes 

     1.    It is needless to say that stock solutions and calibrators have to 
be prepared precisely. The concentrations in Table  1  depict 
the ranges that we routinely measure, but this depends on the 
MS available in the lab. Therefore, depending on the sensitiv-
ity of the available equipment, different concentration ranges 
may apply in other labs.   

3.6  Factors That 
Infl uence Levels of n-3 
Endocannabinoids

3.7  Choice of Target 
Analytes

Assay of ω-3 Endocannabinoids
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   2.    During LC-MS analysis, the ratio of an endocannabinoid to its 
deuterated analogue (=isotope ratio) is measured. The ratio is 
proportional to the concentration in the sample; therefore, it is 
crucial that the amount of deuterated compound that is spiked 
to the sample is identical to the amount present in the calibra-
tors. Deuterated standards are normally not present in biologi-
cal materials and are therefore added to the sample during 
sample preparation. Measuring isotope ratios has several advan-
tages, because it intrinsically corrects for any sample spill dur-
ing the sample preparation or any other factors that may vary 
between samples. It also corrects for so-called ion suppression. 
Ion suppression is the phenomenon where ionization of the 
compound of interest is suppressed due to interference of 
other molecules in the sample, leading to apparently lower 
peaks. With a carefully selected deuterated analogue that elutes 
from the LC column at the same time, both molecules are 
equally affected by ion suppression, thus the isotope ratio 
remains stable. Different deuterated standards can be used. 
We have good experiences with using deuterated AEA (AEA-
d8) for the quantifi cation of DHEA and EPEA. In the proto-
col presented here, deuterated 2-AG and NADA are also 
added  to   allow for the quantifi cation of a wider range of 
endocannabinoids.   

   3.    Endocannabinoids are degraded by a variety of enzymes, such 
as FAAH  and   monoacylglycerol lipase (MGL). Although 
FAAH is normally present within the cell, it may also be pres-
ent in  the   plasma when cells are lysed, for instance due to 
mechanical stress during the venapunction. Therefore, as a 
precaution, it is recommended to store plasma in the presence 
of  FAAH   inhibitors, such as PMSF.   

   4.    Different anticoagulants are available to prevent ex  vivo   blood 
clotting, such as citrate, heparin, and EDTA. Generally, it is 
known that the anticoagulant can affect the performance of 
LC-MS. Anticoagulants may cause interfering peaks in the 
chromatogram, and it is therefore recommended to investigate 
the presence of interfering peaks. In our hands, we did not 
encounter any interferences with EDTA.   

   5.    Different LC systems are available, with either binary or qua-
ternary pumps, autosamplers that accept different types of vials 
or plates, and operate at different pressures. When using only 
2 eluents for the chromatography, a binary LC system is ade-
quate. In the protocol presented here, the dried extract is 
reconstituted in 100 μl of ACN; for most autosamplers, this 
means that vials with inserts have to be used. The right type of 
vial and the appropriate injection needle height have to be 
selected in the LC systems settings.   

Renger F. Witkamp and Michiel G.J. Balvers
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   6.     Mass spectrometry   is an advanced analytical technique that 
allows characterizing and/or quantifying levels of molecules in 
a certain matrix. Different types of MS machines are available, 
which all have their particular strengths, weaknesses, and area 
of application. For accurate and sensitive quantifi cation of mul-
tiple compounds, a so-called triple-quadrupole or tandem MS 
(annotated as MS/MS) is usually the  fi rst   choice. A tandem 
MS system consists of three mass fi lters (“quadrupoles”) that 
are connected in series. The second quadrupole acts as a colli-
sion cell. The detector is positioned after the third quadrupole. 
Intact ions of interest, “parent ions,” are selected in the fi rst 
quadrupole and move on to the collision cell, where they are 
subjected to collision with inert gas, such as argon. As a result, 
the parent ions will dissociate into fragments, known as 
“daughter ions.” The daughter ion will continue their fl ight to 
the third quadrupole, where only selected daughter ions of one 
specifi c mass-over-charge ( m / z ) ratio will be passed on to the 
detector. Thus, an ion that hits the detector is a selected frag-
ment from a selected parent ion. Through this “dual selection” 
a high level of specifi city can be achieved.   

   7.    Information on the long-term stability of endocannabinoids in 
plasma at −80 °C is scarce. However, considering the potential 
absorption of endocannabinoids to plastics, and the presence 
of degrading enzymes in the biological matrix, endocannabi-
noids are generally considered unstable [ 8 ]. Therefore, we rec-
ommend analyzing the endocannabinoid levels at the earliest 
convenience.   

   8.    It is needless to say  that   blood  and   plasma should be treated as 
potentially infectious materials. Therefore, wear gloves when 
handling blood or plasma. It is common to take additional 
precautions, such as compulsory Hepatitis B vaccination for all 
personal handling human materials.   

   9.    The methanol unfolds the C8 aliphatic chains in the fi lter bed, 
allowing  the   binding of lipophilic substances to the fi lter. 
Hence, this step is known as “activation.”   

   10.    This washing step is needed to wash away any overabundant 
methanol that may prevent compound binding in the sample 
loading step.   

   11.    The vacuum concentration step is critical for good recoveries. 
We have compared different techniques to dry the SPE 
extract, including evaporation under nitrogen fl ow and 
freeze-drying. In our hands, we obtained the most robust 
results and highest recoveries by drying the samples in a 
vacuum concentrator centrifuge. Please be aware that the 
vacuum concentrator has to be compatible to work with 
organic solvents and acids.         

Assay of ω-3 Endocannabinoids
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Chapter 5

Assay of CB1 Receptor Binding

Valeria M. Catani and Valeria Gasperi

Abstract

Type-1 cannabinoid receptor (CB1), one of the main targets of endocannabinoids, plays a key role in sev-
eral pathophysiological conditions that affect both central nervous system and peripheral tissues. Today, its 
biochemical identification and pharmacological characterization, as well as the screening of thousands of 
novel ligands that might be useful for developing CB1-based therapies, are the subject of intense research. 
Among available techniques that allow the analysis of CB1 binding activity, radioligand-based assays repre-
sent one of the best, fast, and reliable methods.

Here, we describe radioligand binding methods standardized in our laboratory to assess CB1 binding 
in both tissues and cultured cells. We also report a high-throughput radioligand binding assay that allows 
to evaluate efficacy and potency of different compounds, which might represent the basis for the develop-
ment of new drugs that target CB1 receptor-dependent human diseases.

Key words Type-1 cannabinoid receptor, CP55.940, Filtration assay, Radioligand-receptor binding, 
SR141716

1  Introduction

Type-1 cannabinoid receptor (CB1), the first identified and 
cloned receptor of Δ9-tetrahydrocannabinol [1], represents one 
of the main targets of endocannabinoids [2, 3]. It is highly 
expressed in brain, but also in peripheral organs (e.g., lung, liver, 
and kidney) and cells, including T lymphocytes and platelets [4]. 
Due to its broad localization, CB1 is involved in the regulation 
of several physiological processes at both central nervous system 
and periphery, such as neurogenesis, reward, cognition, learn-
ing, memory, immune response, and body energy homeostasis 
[4–6]. In addition, several pathological conditions have been 
shown to correlate with up- or downregulation of this receptor. 
Overactive CB1 signaling, for example, promotes the develop-
ment of obesity, insulin resistance, and dyslipidemia [6]. 
Therefore, the design of novel CB1 ligands that might be useful 
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therapeutics for prevention and/or treatment of CB1-dependent 
human disorders is very active [6].

One of the main techniques used for the biochemical identifi-
cation and pharmacological characterization of CB1 is based on 
the use of a radioactive ligand, such as [3H]CP55.940 [2]. The 
basic outline of radioligand-CB1 binding assays is very easy and 
fast to perform: a preparation containing CB1 is incubated with 
radioactive (hot) [3H]CP55.940, thus forming the radioactive 
complex [3H]CP55.940/CB1. After reaching equilibrium, this 
complex is usually separated from unbound hot [3H]CP55.940 by 
membrane filtration (still the most efficient, fast, and convenient 
method), and quantified by liquid scintillation counting. The use 
of an unlabeled (cold) CB1 ligand, such as the antagonist/inverse 
agonist SR141716 or rimonabant [7], able to selectively displace 
hot [3H]CP55.940 from CB1 sites, allows then to assess CB1 bind-
ing activity.

Noteworthy, we observed that, although CB1 binding assay 
with filtration might work well with membrane homogenates from 
both tissues and cells, the most reproducible and reliable results are 
obtained by working with intact cultured cells without a filtration 
step.

Against this background, here we describe two relatively sim-
ple, but extremely powerful, methods that we have standardized 
in our laboratory and that we commonly employ to interrogate 
the presence of CB1 in unknown samples, as well as to identify 
potential changes in its activity, under either physiological (e.g., 
in young versus aged tissues, or during cell differentiation) or 
pathological conditions (e.g., healthy versus diseased tissues). We 
also describe a standardized high-throughput CB1 binding assay 
that, by employing human CB1 over-expressing membranes, 
allows to screen large libraries of compounds. This method is a 
useful assay to identify novel CB1 ligands that might represent the 
basis for developing innovative therapeutics against CB1-
dependent human diseases.

2  Materials

Prepare all buffers and solutions by using ultrapure water and ana-
lytical grade reagents. Prepare and store all reagents at −20  °C 
(unless indicated otherwise).

[3H]CP55.940 [5-(1,10-dimethylheptyl)-2-[(1R,5R)-hydroxy-(2R)-
(3-hydroxypropyl)-cyclo-hexyl]phenol].
CP55.940.

2.1  Labeled 
and Unlabeled 
Compounds

Valeria M. Catani and Valeria Gasperi
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SR141716, rimonabant [N-piperidino-5-(4-chlorophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-3-pyrazole carboxamide] (Cayman 
Chemicals Ann Arbor, MI, USA).

Buffer A: 2  mM Tris-EDTA, 320  mM sucrose, 5  mg/ml BSA, 
5 mM MgCl2, pH 7.4.

Buffer B: 50  mM Tris–HCl, 2  mM Tris-EDTA, 3  mM MgCl2, 
pH 7.4.

Buffer C: 50 mM Tris–HCl, 2 mM Tris-EDTA, 3 mM MgCl2, 
5 mg/ml bovine serum albumin (BSA), 50 μM phenylmeth-
ylsulfonyl fluoride (PMSF) (to add immediately before use), 
pH 7.4.

Buffer D: 50 mM Tris–HCl, 1 mg/ml BSA, pH 7.4.
0.1 % Triton in Buffer D, pH 7.4.
Glass/Teflon Potter homogenizer.
Ultra-Turrax T 25.
15 ml polypropylene tubes.
Vortex mixer.
Water bath or Thermoblock for 15 ml tubes, or incubator set at 37 °C.
Whatman GF/C Glass Microfiber filters (binder free), diameter 

25 mm, with 1.2 μm pore size.
Vacuum filtration manifold, Millipore® model 1225 (Merck-

Millipore Co., Darmstadt, Germany).
Vacuum pump.
Liquid scintillation cocktail (Ultima Gold™ XR).
10 ml scintillation vials.
Liquid scintillation β-counter.

	 1.	Incubation buffer: 50  mM Tris–HCl, 5  mM MgCl2, 1  mM 
CaCl2, 320 mM sucrose, 2 mg/ml BSA, pH 7.4.

	 2.	Washing buffer: 50 mM Tris–HCl, 500 mM NaCl, 1 mg/ml 
BSA, pH 7.4.

	 3.	Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.

	 4.	Sterile 24-well plates for cell cultures.
	 5.	Incubator for cell cultures set at 37 °C.
	 6.	Liquid scintillation cocktail (Ultima Gold™ XR).
	 7.	10 ml scintillation vials.
	 8.	Liquid scintillation β-counter.

2.2  Buffers 
and Equipments

2.2.1  CB1 Binding Assay 
for Tissues

2.2.2  CB1 Binding Assay 
for Intact Cells

CB1 Binding Assay 
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	 1.	Binding buffer: 50 mM Tris–HCl, 5 mM MgCl2, 1 mM CaCl2, 
2 mg/ml BSA, pH 7.4.

	 2.	Pre-soaking buffer for FC-filter plate: 50  mM Tris–HCl, 
0.33 % polyethylenimine (PEI), pH 7.4.

	 3.	Washing buffer: 50 mM Tris–HCl, 500 mM NaCl2, 1 mg/ml 
BSA, pH 7.4.

	 4.	0.1 % Triton in buffer D, pH 7.4.
	 5.	Incubator set at 37 ° C.
	 6.	Polypropylene 96-well plate with lid.
	 7.	Human CB1 over-expressing membranes (Merck-Millipore 

Co., Darmstadt, Germany).
	 8.	MultiScreenHTS 96-well filter plate (Merck-Millipore Co., 

Darmstadt, Germany).
	 9.	Vacuum pump.
	10.	FC-96-well plate.
	11.	Liquid scintillation cocktail (Ultima Gold™ XR).
	12.	10 ml scintillation vials.
	13.	Liquid scintillation β-counter.

3  Methods

This protocol is recommended for low-throughput assays, or for 
just a few experiments with tissue samples.

Perform all steps (Fig. 1) on ice and keep samples on ice or in a 
refrigerated centrifuge, in order to preserve CB1 functionality.

	 1.	Resuspend tissue (see Note 1) in pre-cooled buffer A (fresh 
weight/volume ratio = 1 g/4 ml), and homogenize it on ice 
(see Note 2).

	 2.	Centrifuge the membrane homogenate at 1000 g and 4 °C for 
10 min.

	 3.	Save the supernatant (S1) in a tube on ice.
	 4.	Resuspend the pellet with the same volume of buffer A used in 

Step 1, and centrifuge again at 1000 g and 4 °C for 10 min.
	 5.	Save the supernatant (S2) and add it to S1.
	 6.	Repeat Steps 4 and 5 to obtain S3, and discard the pellet.
	 7.	Centrifuge the collected volume (S1 + S2 + S3) at 39,000 g and 

4 °C for 30 min.
	 8.	Discard the supernatant.
	 9.	Resuspend the resulting pellet in the smallest possible volume 

of cold buffer B.

2.2.3  High-Throughput 
CB1 Binding Assay

3.1  Protocol 1: CB1 
Binding Assay 
for Tissues

3.1.1  Preparation 
of Membrane 
Homogenates

Valeria M. Catani and Valeria Gasperi
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	10.	Calculate protein concentration with any commercially avail-
able assay, such as Bradford assay.

	11.	Membrane homogenate is now ready for CB1 binding assay 
(see Note 3).

Each condition in the assay must be repeated in triplicate, in order 
to calculate average and standard error of the mean (S.E.M.).

Prepare also three tubes that contain only pre-warmed buffer 
C and [3H]CP55.940 (i.e., reaction blank, Bk) (Fig. 2). All incu-
bations are carried out at 37 °C in pre-warmed buffer C, at a final 
reaction volume of 500 μl.

	 1.	For each sample, prepare three 15 ml polypropylene tubes (in 
triplicate), marked as TB (total binding), NSB (nonspecific 
binding), and SR1 (CB1 antagonist/inverse agonist 
SR141716). Add in each tube the reagents in the following 
order:
(a)	 Pre-warmed buffer C (up to 500 μl).

3.1.2  Assay Using 
Vacuum Filtration Manifold 
Millipore® Model 1225

Fig. 1 Schematic representation of membrane homogenate preparation. See Subheading 3.1.1 for further 
details. P pellet; S supernatant

CB1 Binding Assay 



Fig. 2 Schematic representation of the procedure to analyze CB1 binding activity in membrane homogenates 
by using filtration assay. (a) TB (total binding, that contains buffer C and membrane proteins), NSB (nonspecific 
binding, that contains buffer C, membrane proteins and cold CP55.940), SR1 (that contains buffer C, mem-
brane proteins and the CB1 antagonist/inverse agonist SR141716), and Bk (blank of reaction, that contains 
buffer C only) tubes are pre-incubated at 37 °C for 15 min. (b) After adding [3H]CP55.940 to each tube, sam-
ples are incubated for 1 h at 37 °C. (c) At the end of the incubation, reaction is blocked by adding 2 ml of 
ice-cold buffer D to the tubes. (d) The content of each tube is then transferred to a GF/C Glass fiber filter, 
placed in the filter plate of vacuum filtration manifold, Millipore® model 1225. (e) Vacuum traps the complex 
[3H]CP55.940/CB1 receptor onto the glass fiber filter, while unbound radioligand is removed through cycles of 
washes with ice-cold buffer D and vacuum. (f) Each filter is transferred to 10 ml scintillation vial, and residual 
radioactivity is measured in a liquid scintillation β-counter. See Subheading 3.1.2 for further details
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(b)	 Membrane homogenate. For murine brain membranes, 
we usually use 50–100 μg/test (see Note 4).

(c)	 CP55.940 at a final concentration of 1 μM, for NSB (see 
Note 5), or SR141716 at a final concentration of 0.1 μM, 
for SR1 (see Note 6).

	 2.	Vortex and incubate for 15 min at 37 °C (Fig. 2a).
	 3.	Add [3H]CP55.940. For murine brain membranes, we use it at 

the final concentration of 0.4 nM (see Note 7).
	 4.	Vortex and incubate for 1 h at 37 °C (Fig. 2b).
	 5.	In the meantime, place in a Petri dish, with tweezers, as many 

GF/C glass fiber filters as the number of tubes, and pre-soak 
them in cold buffer D (see Note 8).

	 6.	10 min before terminating the reaction, place (with tweezers) 
each filter in the numbered filter plate of the vacuum filtration 
manifold.

	 7.	Turn on vacuum to remove excess of buffer D from glass fiber 
filters.

	 8.	Block the vacuum.
	 9.	Terminate reaction by adding 2 ml of ice-cold buffer D to each 

tube (see Note 9) (Fig. 2c).
	10.	Vortex and transfer each sample to the corresponding filter 

plate (Fig. 2d).
	11.	Apply vacuum (for not more than 2 min) to trap the complex 

[3H]CP55.940/CB1 receptor onto the filter, and remove 
unbound radioligand (see Notes 10 and 11) (Fig. 2e).

	12.	Block the vacuum.
	13.	Wash each tube with 2 ml of ice-cold buffer D.
	14.	Repeat steps 11–13.
	15.	Wash each filter twice with 2 ml of ice-cold buffer D (Fig. 2e).
	16.	Apply vacuum.
	17.	Block the vacuum and allow filters to dry at room temperature 

(see Note 12).
	18.	Transfer with tweezers each dried filter in the corresponding 

scintillation vial, containing 500 μl of 0.1 % Triton in buffer D.
	19.	Add 3.5 ml of liquid scintillation cocktail, and read radioactiv-

ity by a scintillation β-counter (see Note 13) (Fig. 2f).

Each condition in the assay must be repeated in triplicate, in order 
to calculate average and S.E.M.

All incubations are carried out at 37 °C in pre-warmed incuba-
tion buffer (final volume of reaction for 24-well plate = 300 μl).

3.2  Protocol 2: CB1 
Binding Assay for 
Adherent Living Cells

CB1 Binding Assay 



48

	 1.	Plate cells in order to reach 90–100 % confluence on the day of 
the assay (see Note 14). For each sample, prepare three wells 
(in triplicate), marked as TB (total binding), NSB (nonspecific 
binding), and SR1 (CB1 antagonist/inverse agonist). For 
blanks (Bk), add culture medium to three wells, without cells.

	 2.	On the day of the experiment, carefully wash each well twice 
with 1 ml of PBS.

	 3.	After removing PBS, add to each well incubation buffer up to 
300 μl.

	 4.	Add CP55.940 for NSB (at a final concentration of 1 μM for 
HeLa cells) (see Note 5), or SR141716 (at a final concentra-
tion of 0.1 μM for HeLa cells), for SR1 (see Note 6).

	 5.	Incubate for 10 min at 37 °C.
	 6.	Add [3H]CP55.940 (at a final concentration of 2.5 nM for 

HeLa cells) (see Note 7).
	 7.	Incubate for 1 h in an incubator set at 37 °C.
	 8.	At the end of the incubation, carefully remove the incubation 

buffer.
	 9.	Carefully rinse cells 4 times with 1  ml of ice-cold washing 

buffer.
	10.	After removing washing buffer, add 300 μl of 0.5 M NaOH, 

and pipet up and down for several times to lyse cells.
	11.	Transfer solution to a 10 ml scintillation vial.
	12.	Add 3.5  ml of liquid scintillation cocktail, and immediately 

read radioactivity in a scintillation β-counter.

Each condition in the assay must be repeated at least in triplicate, 
in order to calculate average and S.E.M. Prepare also three wells 
that will contain only pre-warmed binding buffer and [3H]
CP55.940 (i.e., blank of reaction, Bk). All incubations are carried 
out at 37 °C in pre-warmed binding buffer, at a final reaction vol-
ume of 200 μl.

	 1.	Add the reagents to each well of a polypropylene 96-well plate, 
in the following order:
(a)	 Pre-warmed binding buffer (up to 200 μl).
(b)	 CB1 over-expressing membranes (10 μg/well, except for the 

blanks).
(c)	 CP55.940 for NSB, SR141716 for SR1 (see Notes 4 and 

5), or test compounds (see Note 15).
	 2.	Cover the lid and carefully shake the plate.
	 3.	Incubate for 20 min at 37 °C.
	 4.	Add [3H]CP 55.940 at the final concentration of 2.5 nM, to 

start the reaction.

3.3  Protocol 3: CB1 
Binding Assay 
for High-Throughput 
Screening
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	 5.	Cover the lid and carefully shake the plate.
	 6.	Incubate for 1 h at 37 °C.
	 7.	In the meantime, pre-soak FC-filter plate with 200  μl of 

50 mM Tris–HCl containing 0.33 % PEI (see Note 8).
	 8.	10 min before terminating the reaction, turn on vacuum to 

remove PEI from filters.
	 9.	Wash filters 3 times in washing buffer.
	10.	Transfer reaction solution from 96-well plate to the FC-filter 

plate, and filter by turning on vacuum.
	11.	Wash 4 times with 300 μl of washing buffer.
	12.	Allow filters to dry, by placing the plate for 30 min in an incu-

bator at 37 °C.
	13.	Transfer each filter to the corresponding scintillation vial con-

taining 500 μl of 0.1 % Triton in buffer D.
	14.	Add 3.5 ml of liquid scintillation cocktail and read radioactivity 

in a scintillation β-counter (see Note 13).

It is recommended to repeat each condition in the assay at least in 
triplicate, in order to calculate mean and S.E.M.

To calculate CB1 binding activity (usually expressed as fmol or 
pmol per mg of membrane protein), do as follows:

	 1.	Subtract disintegrations per minute (DPM) mean value of 
blank (Bk) from every other mean value.

	 2.	Calculate SB by subtracting DPM relative to NSB from those 
relative to TB.

	 3.	Knowing that 1 nCi corresponds to 2200 DPM, convert DPM 
in nCi.

	 4.	To calculate moles of bound [3H]CP55.940 to CB1, divide the 
obtained nCi for the specific activity of [3H]CP55.940 (such a 
value, expressed as Ci/mmol, is reported in the datasheet pro-
vided by the manufacturer) (see Note 16).

	 5.	Divide the moles by the mg of proteins used in the assay (see 
Note 17).

	 6.	Calculate SR141716 displacement according to the formula:

	
%

.

.
of inhibition

H CP SB SR SB

H CP SB
= -

[ ] -

[ ]
100

3 55 940 141716

3 55 940 	

 7.	Calculate differences among two or more groups by inferen-
tial statistics: Student’s t–test (unpaired or paired data) or  

3.4  Data Analysis

3.4.1  Protocols 1 and 2

CB1 Binding Assay 
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Mann Whitney U test/Wilcoxon’ signed ranks test; ANOVA 
(or repeated-ANOVA) with Bonferroni post hoc test or Kruskal–
Wallis test, followed by Mann–Whitney U test.

To calculate IC50 and Ki values of novel CB1 ligands (agonists/
antagonists/inverse agonists), calculate SB of [3H]CP55.940 
(see above how to convert DPM of SB into fmol or pmol per mg 
of membrane proteins), in the presence of unlabeled test com-
pound at each concentration tested. By using GraphPad Prism 
software for Science (San Diego, CA), plot each value and deter-
mine IC50 and Ki values by nonlinear regression analysis of one-
site competition binding curve. It should be stressed that Ki is 
dependent on IC50 value, as indicated by the Cheng and Prusoff 
equation:

	
Ki IC= + ( )éë ùû50 1/ [ ] /L KD 	

where [L] is the fixed concentration of [3H]CP55.940 used in the 
assay, and KD is its equilibrium dissociation constant (see Table 1 
and Fig. 3). Therefore, prior to performing competition binding 
studies, you should know (or eventually calculate through satura-
tion binding assay) KD value of the radioligand used.

3.4.2  Protocol 3

Table 1 
Experimental data of heterologous competition binding studies performed 
by incubating membranes over-expressing human CB1 receptor with 2.5 
nM [3H]CP55.940, and increasing concentrations (0–1000 nM) of SR141716

[SR141716]a Specific binding of [3H]CP 55.940b

0.00 17,088.23 ± 558.42

0.10 16,344.45 ± 281.93

0.50 15,353.87 ± 128.72

1.00 11,165.90 ± 272.95

2.50 10,851.56 ± 92.94

5.00 10,288.43 ± 203.93

10.00 5500.12 ± 291.70

100.00 1725.14 ± 77.32

1000.00 526.40 ± 18.21

Values are the means ± S.E.M. of three independent experiments, each performed at 
least in quintuplicate
aThe concentration of SR141716 is expressed as nM
bBinding values are expressed as fmol/mg of membrane protein
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4  Notes

	 1.	We recommend to work with fresh tissues; if it is not possible, 
keep tissues frozen at −80 °C until the day of the assay, and 
thaw them on ice in the presence of pre-cooled buffer A.
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Best-fit values
Bottom 820.2

Top 16397

LogIC50 0.6836

IC50 4.826

Ki 3.666

[3H]CP 55.940 (Constant) 2.500

[3H]CP 55.940 KD *(Constant) 7.900

Std. Error
Bottom 474.9

Top 375.8

LogIC50 0.06064

95% confidence Intervals

Bottom −145.5 to 1786

Top 15633 to 17161
LogIC50 0.5603 to 0.8069

IC50 3.633 to 6.411
Ki 2.760 to 4.870

Goodness of Fit

Degrees of Freedom 34

R2 0.9569

Fig. 3 Representative heterologous competition curve of SR141716 against [3H]CP55.940 binding to mem-
brane preparations over-expressing CB1. Binding assays were performed in our laboratory by using 
MultiScreenHTS 96-well filter plate, as described in Subheading 3.3. (a) Human CB1 over-expressing mem-
branes (10 μg/test) were incubated with 2.5 nM [3H]CP55.940 in the presence of increasing concentrations 
(0–1000 nM) of unlabeled SR141716. (b) Experimental data (reported in Table 1) were used to calculate IC50 
and Ki values by nonlinear regression analysis of one-site competition binding curve, through GraphPAD 
Software for Science version 5 (San Diego, CA). *To calculate IC50 and Ki values of SR141716, we have previ-
ously calculated KD (obtained value = 7.9 ± 1.9 nM) of hot CP55.940 through saturation binding assays
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	 2.	For soft tissues (like brain), homogenize samples with a Glass/
Teflon Potter homogenizer. To facilitate homogenization of 
fibrous tissues (e.g., muscle), prior1 to using Glass/Teflon 
Potter homogenizer, mince samples with scissors and, then, 
with an Ultra-Turrax T25.

	 3.	Membrane homogenates from fresh tissues can be aliquoted, 
frozen on dry ice, and stored at −80 °C for no longer than one 
week. In order to preserve receptor binding activity, do not 
store membranes from frozen tissues, but proceed immediately 
with CB1 receptor binding assay.

	 4.	Protein concentration to be used in the assays depends on CB1 
receptor expression levels; thus we recommend to perform a 
dose–response curve for unknown biological samples.

	 5.	In addition to binding to receptors of interest (specific bind-
ing, SB), radioligands can also interact nonspecifically (non-
specific binding, NSB) with proteins that are not of interest, as 
well as with the tube walls (during incubation) or with the fil-
ters. To overcome this problem, use an excess of CP55.940 at 
a final concentration that is at least 1000-fold higher than that 
used for [3H]CP55.940. Indeed, in the presence of an excess 
of cold CP55.940, CB1 receptors are virtually all occupied by 
the unlabeled ligand, and hence the hot ligand can only bind 
to nonspecific sites. Ideally, NSB should be less than 50 % of 
the Total Binding (TB).

	 6.	SR141716 is a highly potent antagonist/inverse agonist of 
CB1 that displays almost 300-fold selectivity for CB1 over 
type-2 cannabinoid receptor (CB2); Ki values are 1.800 ± 0.075 
nM and 514 ± 30 nM, respectively [2]. Therefore, we recom-
mend to use SR141716 at a concentration lower than the Ki 
value for CB2.

	 7.	[3H]CP55.940, as other tritiated ligands, has high specific 
activity; therefore, we recommend to use it at a concentra-
tion equal or below its KD value. For unknown samples, cal-
culate [3H]CP55.940  KD through saturation binding 
experiments that measure TB and NSB at various concentra-
tions of hot CP55.940. Calculate KD and Bmax for specific 
binding, by using a one-site binding hyperbola nonlinear 
regression analysis (i.e., with GraphPad Prism), as shown in 
Table 2 and Fig. 4.

	 8.	To minimize ligand binding to filters, you can also pre-soak 
glass fiber filters in 0.1–0.5 % PEI (a cationic polymer that neu-
tralizes the negative charge of the glass fiber filter) in buffer 
D.  Prior to filtration of receptor sample, filter PEI solution 
away, and then wash with ice-cold buffer D for at least three 
times.
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	 9.	A drastically reduced temperature (with ice-cold buffer D) 
during the washing step will prevent and/or slow down dis-
sociation of bound ligands from CB1.

	10.	Control vacuum pump in order to have enough pressure to 
rapidly filter the samples and prevent ligand dissociation, yet 
without affecting filter integrity or the amount of membranes 
retained on the filter. If possible, use a control pressure valve.

	11.	Time of filtration negatively correlates with ligand KD; it can 
range from 20 min for ligands with a KD = 0.1 nM, to 10 s for 
ligands with a KD = 10 nM.

	12.	Dry filters require less liquid scintillant to achieve maximum 
signal than wetted filters. If filters are not completely dried 
prior to the addition of scintillation liquid cocktail, the residual 
water present in the filters can interact with the scintillant, thus 
reducing counting efficiency.

	13.	Since radioligand embedded within the filter requires some 
time to become accessible to the liquid scintillant, read radio-
activity in the vial at least after 6 h of incubation.

	14.	We usually plate HeLa cells the day before the experiment, at a 
concentration of 100,000 cells/well, in a 24-well plate. We 
recommend to set up a growth curve with different cell types, 
in order to optimize cell concentration.

	15.	We advise to use at least 6–8 concentrations for each test 
compound: the lowest concentration should be at least 
1/10 of KD for CP55.940, while the highest concentration 
should be approximately 10-fold over such KD (see Table 2 
and Fig. 4).

Table 2 
Experimental data of saturation binding assay of [3H]CP55.940 to murine brain membrane homogenate

([3H]CP 55.940)a Total binding (TB)b Nonspecific binding (NSB)b Specific binding (SB)b

0.10 372.50 ± 17.65 77.49 ± 5.95 295.01 ± 14.62

0.25 751.46 ± 29.94 152.94 ± 11.09 598.52 ± 27.84

0.50 1199.12 ± 19.33 272.49 ± 39.45 926.63 ± 20.10

1.00 3175.15 ± 145.71 596.71 ± 51.70 2578.44 ± 154.68

2.50 6418.74 ± 233.15 1288.23 ± 50.84 5130.51 ± 245.02

5.00 8997.04 ± 267.42 2556.41 ± 85.48 6440.63 ± 376.47

10.00 11,941.20 ± 536.31 3849.46 ± 312.21 8091.74 ± 653.32

Values are the means ± S.E.M. of three independent experiments, each performed in triplicate
aThe concentration of [3H]CP 55.940 is expressed as nM
bBinding values are expressed as fmol/mg of membrane protein

CB1 Binding Assay 
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	16.	If data are expressed as CPM (counts per min), you need to 
know the efficiency of your β-counter for [3H], in order to 
apply the following formula:

	Efficiency Net CPM of standard known DPM of standard= / .

	17.	In case of CB1 receptor binding assay performed with intact 
living cells, data may also be reported as fmol or pmol per 106 
cell. In this case, it is important to know the exact amount of 
confluent cells in the well.

Best-fit values
Bmax 10773

Kd 3.224

Std. Error
Bmax 560.8

Kd 0.4104

95% confidence Intervals
Bmax 9637 to 11909

Kd 2.393 to 4.055 
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Degrees of Freedom 0.9682
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Fig. 4 Representative saturation curve of [3H]CP55.940 binding to whole brain membrane homogenates, per-
formed in our laboratory. Binding assays were performed by using a vacuum filtration manifold, Millipore® 
model 1225, as described in Subheading  3.1.2. (a) Increasing concentrations (0–10 nM) of the synthetic 
agonist of CB receptors [3H]CP55.940 were incubated with whole brain membrane homogenates (50 μg/test), 
in the absence [Total Binding (Filled square TB)] or in the presence of 1 μM unlabeled CP55.940 [Nonspecific 
Binding (triangle NSB)]. NSB mean values were subtracted to relative TB mean values, in order to obtain 
Specific Binding (circle SB). (b) Experimental data (reported in Table 2) were used to calculate Bmax (expressed 
as fmol/mg membrane protein) and KD (expressed as nM), by using nonlinear regression analysis for one-site 
binding hyperbola, through GraphPAD Software for Science version 5 (San Diego, CA)
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    Chapter 6   

 The Displacement Binding Assay Using Human 
Cannabinoid CB 2  Receptor-Transfected Cells                     

     Maria     Grazia     Cascio     ,     Pietro     Marini     , and     Roger     G.     Pertwee     

  Abstract 

   Displacement binding assays are nonfunctional assays mostly used with the aim of determining whether a 
certain compound (plant-derived or synthetic) is able to bind to a specifi c receptor with high affi nity. Here, 
we describe the displacement binding assay that is carried out with a radioligand and CHO (Chinese 
Hamster Ovarian) cells stably transfected with the human cannabinoid CB 2  receptor.  

  Key words     Binding  ,   Cannabinoid CB 2  receptors  ,   Agonist  ,   Antagonist  ,   Ligand  ,   Radioligand  ,   Affi nity  

1      Introduction 

 The aim  of   radioligand-binding experiments is to study  the   bind-
ing of drugs to specifi c receptors. Drugs that bind to a receptor 
and mimic the action of an endogenous ligand by inducing a bio-
logical response are defi ned  as    agonists . On the other hand,  com-
petitive antagonists  are also able to bind to a receptor, but unlike 
agonists, they do not induce a biological response themselves, but 
instead, block the action of an agonist or endogenous transmitter. 
It is diffi cult to differentiate agonists from antagonists by  using 
  radioligand displacement binding assays; thus such compounds are 
referred to in these assays as  ligands  [ 1 ]. To perform displacement 
binding assays, the values of two parameters need to be known: (1) 
the  equilibrium dissociation constant  (K D ), which is the concentra-
tion of ligand that will occupy 50 % of the receptors, and (2) the 
B max , which is the total density of the receptors under investigation 
in that preparation. Specifi cally, the K D  (unit M) gives an idea 
about the strength of the binding of  a   ligand to its receptor; the 
lower this value, the higher  the   affi nity of the ligand for that par-
ticular receptor. The B max  is expressed as amount of ligand bound/
mg of protein. Importantly, the determination of the maximum 
density of receptors in a particular tissue can be done using 
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 a    radioligand binding assay. The values of both K D  and B max  can be 
determined using “Saturation Binding Assays,” detailed descrip-
tions of which can be found elsewhere [ 2 ,  3 ]. Here we describe the 
displacement binding assay that is carried out using Chinese 
Hamster Ovarian (CHO) cells stably transfected with the human 
cannabinoid CB 2  receptor. This assay requires the use of a radioli-
gand, and hence can only be performed by suitably qualifi ed 
researchers (registered radiation workers). 

 Ideal candidates for radiolabeling are compounds with: (a) 
high affi nity for the receptor under investigation (K D  in the low 
nanomolar range), (b) low  nonspecifi c   binding, (c) receptor selec-
tivity, and (d)  high   specifi c activity that will increase the sensitivity 
of the assay. In experiments directed at determining the affi nity of 
certain ligands for cannabinoid CB 2  receptors, we use tritiated 
CP55,940 (also known as [ 3 H]CP55,940). Thus, CP55,940 is a 
well-established, high affi nity ligand for these receptors that does 
however lack selectivity (it also binds potently to the cannabinoid 
CB 1  receptor). Because of this nonselectivity, it is recommended 
 that   binding assays with [ 3 H]CP55,940 are performed with, for 
example, CB 2 -transfected cells, or their membranes, rather than 
with tissues that naturally express both CB 1  and CB 2  receptors. 
The method used in our laboratory to perform displacement bind-
ing assays is very simple and involves three main steps: (1)    cell 
culturing and scraping; (2) performance of the assay; and (3) anal-
ysis of the results.  

2    Materials 

       1.    Cells: CHO cells transfected with cDNA encoding human CB 2  
receptors are commercially available (e.g., ValiScreen 
Cannabinoid CB 2  (human) cell line, Perkin Elmer, USA).   

   2.    Culture medium: use sterile Dulbecco’s modifi ed Eagle’s 
medium nutrient mixture F-12 HAM, supplemented with 
1 mM  L -glutamine, 10 % fetal bovine serum (FBS), 1 % penicil-
lin–streptomycin, and 0.6 % G418 [3,5-dihydroxy-5-methyl-
4- methylaminooxan-2-yl[oxy-2-hydroxycyclehexy]oxy-
2-(1-hydroxyethyl0oxane-3,4-diol;400 mg/ml].   

   3.    Nonenzymatic cell dissociation solution: dissolve 1 mM EDTA 
in distilled water, and then sterilize this solution by using an 
autoclave ( see   Note 1 ).   

   4.    Use phosphate buffer saline (PBS); this is commercially 
available.   

   5.    For cell culturing use plastic fl asks (surface cell culture: 80 cm 2 ).   
   6.    To expand the cells, use plastic fl asks (surface cell culture: 

175 cm 2 ).      

2.1  Cell Culturing

Maria Grazia Cascio et al.
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   This assay is carried out in nonsterile conditions; thus, all the fol-
lowing solutions are nonsterile.

    1.    Test compounds:    dissolve the  compounds   under investigation 
in the appropriate solvent (e.g., dimethyl sulfoxide; DMSO) at 
a concentration of 10 or 100 mM, splitting the solution into 
50 μl aliquots and storing each aliquot at −20 °C ( see   Note 2 ).   

   2.    Prepare the binding/washing buffer (Tris/BSA buffer) in dis-
tilled water as follows: 50 mM Tris HCl, 50 mM Tris Base, 
0.1 % w/v bovine serum albumin (BSA), pH 7.4.   

   3.    To target cannabinoid CB 2  receptors, use [ 3 H]CP55,940 as 
 the   radioligand (e.g., provided by PerkinElmer).   

   4.    To determine the amount of nonspecifi c binding, prepare a 
solution of CP55,940 in DMSO at a concentration of 1 mM.   

   5.    To perform the assay, use plastic 96 deep-well plates.   
   6.    The assay is stopped by vacuum fi ltration, using a 24-well sam-

pling manifold (e.g., Brandel Cell Harvester) and Brandel 
GF/B fi lters ( see   Note 3 ).   

   7.    To quantify  the   radioactivity, the fi lters are oven-dried (85 °C, 
60 min) and then placed in 5 ml of scintillation fl uid (e.g., 
Ultima Gold XR, PerkinElmer) and counted by liquid scintil-
lation spectrometry (Beta counter).       

3    Methods 

   Perform the following steps under sterile conditions.

    1.    Monolayers of human CB 2 -transfected CHO cells are main-
tained at 37 °C and in 5 % CO 2  in medium fl asks ( surface   cell 
culture: 80 cm 2 ), and are passaged twice weekly using a nonen-
zymatic cell dissociation solution (1 mM EDTA).   

   2.    When cells reach 80–85 % confl uence, remove medium from 
the fl ask, wash the cells with 10 ml of PBS, add 5 ml of nonen-
zymatic cell dissociation solution, place the fl ask in an incuba-
tor (at 37 °C) for 2–3 min, gently detach the cells, and add 
5 ml of culture medium.   

   3.    Expand cells by adding 2 ml of medium (containing the cells) 
to 25 ml of culturing medium by using four big fl asks (surface 
cell culture: 175 cm 2 ). To keep the cell line, add 1 ml of the 
medium containing the cells to 25 ml of culturing medium in 
 a   medium fl ask (surface cell culture: 80 cm 2 ).   

   4.    Place both medium and big fl asks in an incubator (37 °C and 
in 5 % CO 2 ) until confl uence is reached ( see   Note 4 ).   

   5.    When confl uence is reached (80–85 %), remove cells from the 
fl asks by scraping and then freeze them as pellets at −20 °C 
until they are required.   

2.2  Radioligand 
Displacement Binding 
Assay

3.1  Cell Culturing

Assay of CB2 Binding
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   6.    On the day of the experiment, defrost cells, dilute in Tris-
buffer that does not contain BSA (50 mM Tris HCl and 
50 mM Tris Base), and homogenize with a 1-ml handheld 
homogenizer.   

   7.    Perform a protein assay (e.g., by using a Bio-Rad Dc kit, 
Hercules, CA, USA) ( see   Note 5 ).      

       1.    The assay is carried out using 96 deep- well   plates in a total 
volume of 500 μl, using Tris/BSA buffer.   

   2.    Using Tris/BSA buffer and stock solutions of each test com-
pound (e.g., 10 mM in DMSO), prepare decreasing concen-
trations of the test compound so that a dose–response curve 
can be drawn ( see   Note 6 ). Also prepare a  control  solution by 
using Tris/BSA buffer, with the same % of vehicle (e.g., 
DMSO) present in each diluted solution (e.g., 0.1 %).   

   3.    Using Tris/BSA buffer and a stock solution of CP55,940 
(1 mM), prepare a solution of CP55,940 (10 μM) that will be 
used to determine the nonspecifi c binding (concentration in 
the assay is 1 μM).   

   4.    Prepare [ 3 H]CP55940 in Tris/BSA buffer at the appropriate 
concentration ( see   Note 7 ).   

   5.    Using Tris/BSA buffer, prepare a solution of proteins (from 
the pellet of hCB 2 -transfected cells) so that a known amount of 
proteins can be added (in our experiments we use 25 μg of 
proteins) ( see   Note 8 ).   

   6.    Pipette 350 μl of Tris/BSA buffer, 50 μl of [H 3 ]CP55940 at 
an appropriate concentration (e.g., 0.7 nM), 50 μl of varying 
concentrations of the test drug, and 50 μl of cell membranes at 
an appropriate dose (e.g., 25 μg) into the wells of a 96 deep-
well plate, progressing along each row from left to right.   

   7.    Incubate the 96 well plates at 37 °C in a darkened water bath 
for 60 min.   

   8.    Terminate the assay by adding ice-cold Tris/BSA buffer and 
then performing rapid vacuum fi ltration with a 24-well sam-
pling manifold (e.g., Brandel Cell Harvester), and Brandel 
GF/B fi lter papers that have been soaked in Tris/BSA buffer 
at 4 °C for 24 h.   

   9.    Wash each well 3/4 times with Tris/BSA buffer.   
   10.    Dry the fi lter papers in an oven for 60 min at 85 °C.   
   11.    Place each of these fi lter papers in a different scintillation vial 

and add 4 ml of scintillation fl uid.   
   12.    After soaking each fi lter paper in the scintillation fl uid for 

60 min, measure radioactivity with a beta counter. Values will 
be in cpm (counts per minute).      

3.2  Displacement 
Binding Assay

Maria Grazia Cascio et al.



61

       1.    The percentage (%) of “ specifi c   binding” is calculated as 
follows:

  

mean cpm for control mean cpm for CP M

mean cpm for control

- ( )55 940 1,
´́100

   

      2.    The percentage of any displacement produced by each concen-
tration of the test compound is calculated as follows:

  
mean cpm for control mean cpm for ligand at a particular concentrati- oon

mean cpm for control mean cpm for CP M- ( )
´

55 940 1
100

,    

4           Notes 

     1.    The cell dissociation solution is also commercially available.   
   2.    Avoid multiple thawing of the same aliquot, since this may 

result in the degradation of chemically unstable compounds. 
We recommend that the same aliquot is not used more than 
twice.   

   3.    Before use, fi lters are soaked in Tris/BSA buffer at 4 °C for at 
least 24 h.   

   4.    CHO cells grow up quickly. Usually, confl uence is reached 
after 3 days.   

   5.    The protein assay can be carried out as follows:
   (a)    Prepare standards and unknown(s) ( X ) as shown in the table 

(Table  1 ) below (this scheme is suitable for a Biorad Kit).
      (b)    Add the KIT reagents (as described by the 

manufacturer).   
  (c)    After 15 min read absorbance at 750 nm.   
  (d)    Construct the BSA standard curve by using the absor-

bance values of each standard solution (see table above), 
in order to perform linear regression analysis (e.g., using 
GraphPad Prism software).   

  (e)    Determine the concentration (mg/ml) of proteins in your 
sample ( X ), by using the above BSA standard curve to 
interpolate the absorbance value of your sample, then 
multiply the value obtained by 2 (this is the cell dilution 
factor; e.g., as described above, we added 50 μl of Tris-
buffer to 50 μl of cell solution, thus we have diluted the 
cells by a factor of two).   

  (f)    Make a solution containing cells at a known concentration 
for use in the assay.       

3.3  Analysis 
of the Results

Assay of CB2 Binding
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   6.    To construct a log concentration-response curve for the com-
pound under investigation, prepare a stock solution by dissolv-
ing the test compound in DMSO (e.g., 10 mM), and then 
making serial dilutions to obtain solutions that have one of the 
following concentrations ( X ): 10, 1 μM, 100, 10, and 1 nM, 
ensuring that the concentration of vehicle in each solution 
remains constant (e.g., 0.1 %). Please note that: (1) each of 
these concentrations should be 10 X , since 50 μl of each solu-
tion is added in the assay in a fi nal volume of 500 μl (thus the 
solution will be diluted 10 times), and (2) in a sigmoidal log 
concentration-response curve, these concentrations are 
expressed as log M (Fig.  1 ).

    Example of Drug Dilutions  (from a 10 mM stock solution 
in DMSO) 

 Please note that the dilutions indicated on the left side of 
the scheme below should be made by using your stock solution 
solvent (in this case, DMSO).

   

20:180

20:180

20:180

20:180

Assay Conc

10 mM 100 µM 10000 nM

1 mM 10 µM 1000 nM

0.1 mM 1 µM 100 nM

10 µM 100 nM 10 nM

1 µM 10 nM 1 nM

10:990
Tris/BSA buffer

10:990
Trib/BSA buffer

10:990
Tris/BSA buffer

10:990

Tris/BSA buffer

10:990

Tris/BSA buffer

  

        7.    The concentration of [ 3 H]CP55940 we use in our experiments 
is 0.7 nM. The binding parameters (B max  and K D ) for [ 3 H]
CP55940 are determined by fi tting data from saturation- 

   Table 1    
BSA standard curve for the quantifi cation of the content of unknown proteins   

 A  B  C  D  E  F 

 Conc (mg/ml)  1.5  0.75  0.45  0.3  0.15   X  

 Standard BSA (μl)  100  50  30  20  10  50 

 Tris-Buffer (no BSA) (μl)  –  50  70  80  90  50 

  Please note that: (1) A–E are the concentrations of BSA used to build the BSA standard curve, which in turn is used to 
determine the concentration of proteins in your sample, and (2) by adding 50 μl of Tris-Buffer to 50 μl of cell solution, 
your sample is diluted twice and this should be taken into account in the calculation of the cell sample concentration  
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binding experiments to a one-site saturation plot by using 
GraphPad Prism. For  commercially   available cells stably trans-
fected with human CB 2 , like the ones we use in our laboratory, 
these parameters are provided by the manufacturer.   

   8.    Before any  displacement   binding assay is carried out, the pro-
tein content should be optimized by testing increasing concen-
trations of proteins versus a constant concentration of [ 3 H]
CP55,940.         

   References 

  Fig. 1    Displacement of [ 3 H]CP55940 by compound A from specifi c binding sites 
on hCB 2  CHO cell membranes. Each symbol represents the mean percentage 
displacement ± SEM       
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Chapter 7

Assay of TRPV1 Receptor Signaling

Aniello Schiano Moriello and Luciano De Petrocellis

Abstract

The transient receptor potential vanilloid-1 ion channel (TRPV1) is a non-selective ligand-gated cation 
channel. It is an integrator of a wide variety of exogenous and endogenous physical and chemical stimuli, 
including capsaicin, noxious heat (>42 °C), and protons (pH < 5.2). TRPV1 is expressed predominantly in 
primary sensory neurons involved in pain sensation, but also in other neuronal cell types, in the plasma 
membrane of different non-neuronal cells such as immune cells, keratinocytes, smooth muscle cells, and in 
the urothelium. Some of these cell types are involved in inflammation. When activated, TRPV1 leads to 
the gating of cations, including Ca2+, thus generating changes in intracellular Ca2+ concentration. Calcium 
ions play fundamental roles in many cellular processes, virtually in all cells. The use of Ca2+ fluorescent 
indicators is a tool for monitoring intracellular Ca2+ concentration.

In this chapter, we describe a method for recording and monitoring Ca2+ signals through the single 
wavelength fluorescent indicator Fluo-4 acetoxymethyl (AM), and the ratiometric fluorescent indicator 
Fura-2 AM in HEK-293 cells transfected with TRPV1 and other TRP channels. TRPV1 pharmacological 
modulation may potentially represent a strategy for the control of pain and inflammatory conditions in a 
variety of diseases and injury states.

Key words Calcium, Fluorescence, TRPV1 channels, TRP channels, Vanilloids, Anandamide

1  Introduction

Calcium ions (Ca2+) play a central role in a multitude of physiologi-
cal processes. The use of fluorescent Ca2+ indicators such as Fluo-4, 
a brighter and more photostable derivative of Fluo-3 [1], and of 
ratiometric dye Fura-2, represents a valid approach to study the role 
of Ca2+ in a cellular process. The transient receptor potential  
(TRP) cation channel superfamily consists of 28 cation channels  
that have distinct physiological functions, including thermal  
sensation, chemosensation, and magnesium and iron transport.  
The TRP channel superfamily can be subdivided into six subfami-
lies: TRP cation channel subfamily C (canonical; TRPC), TRP cat-
ion channel subfamily V (vanilloid; TRPV), TRP cation channel 
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subfamily M (melastatin; TRPM), TRP cation channel subfamily A 
(ankyrin; TRPA), TRP cation channel polycystin subfamily (TRPP), 
and TRP cation channel mucolipin subfamily (TRPML). The 
molecular architecture of TRP channels seems to be represented by 
four subunits, which comprise six transmembrane domains (S1–S6), 
intracellular N- and C-termini, and a pore-forming loop between S5 
and S6 [2]. Members of the TRPV (V1–V4), TRPM (M2, M3, M5, 
and M8), and TRPA1 that are gated by temperature changes (<15 
to >53 °C) are known as thermoTRP channels. Most members of 
the TRP channel superfamily are cation channels, and some of them 
show high permeability to Ca2+ and Zn2+. Following TRP channels 
stimulation, an influx of Ca2+ via the plasma membrane generates 
changes in the intracellular Ca2+ concentration, [Ca2+]i. However, 
there is evidence that TRP channels are also located in intracellular 
organelles and serve as intracellular Ca2+ release channels [3–6].

TRPV1 was identified by its responsiveness to capsaicin, a natu-
rally derived product from chili peppers that elicits a burning sensa-
tion. TRPV1 is also activated by other compounds like resiniferatoxin 
(RTX), spider, and tarantula toxins. Some endogenous compounds, 
i.e., the “endovanilloids,” may activate TRPV1: in particular, the 
endocannabinoids, anandamide and 2-arachidonoylglycerol, and the 
N-acyldopamines, N-arachidonoyl dopamine, and N-oleoyldopamine. 
Moreover, TRPV1 responds to noxious temperatures (>42 °C) and 
low pH (<5.2), acting as a polymodal nociceptor. TRPV1 displays 
wide cellular expression in both peripheral and central nervous sys-
tems, with the highest expression in sensory neurons. It is well known 
that a chronic administration of capsaicin produces receptor desensi-
tization, so that previously excited neurons become less sensitive to 
capsaicin and to other noxious stimuli.

In this chapter, we describe a method for recording Ca2+ sig-
nals in HEK-293 cells transfected with TRPV1 and other TRP 
channels, by using the fluorescent indicators Fluo-4 acetoxymethyl 
(AM) and Fura-2 AM.

2  Materials

	 1.	100 mm and 6-well plate dishes.
	 2.	HEK-293 cells.
	 3.	Plasmids containing TRP cDNA.
	 4.	Lipofectamine 2000.
	 5.	Cell medium: EMEM, 2 mM Glutamine, 1 % Non-Essential 

Amino Acids (NEAA), 10 % fetal bovine serum (FBS).
	 6.	Tyrode’s solution: 145  mM NaCl, 2.5  mM KCl, 1.5  mM 

CaCl2, 1.2 mM MgCl2, 10 mM d-glucose, and 10 mM HEPES, 
pH 7.4 adjusted with NaOH (see Note 1). Store at 4 °C.

Aniello Schiano Moriello and Luciano De Petrocellis
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	 7.	Fluo-4 AM (10 × 50 μg) or Fura-2 AM (20 × 50 μg) (see Note 2). 
Store at −20 °C.

	 8.	20  % Pluronic® F-127  in DMSO solution. Store at room 
temperature.

	 9.	Ionomycin.
	10.	Perkin Elmer LS 50B Fluorescence Spectrometer.
	11.	PTP-1 Fluorescence Peltier System (Perkin Elmer).
	12.	GraphPad Prism® software.

3  Methods

Split subconfluent cultures (70–80 %) of HEK-293 (transfected or 
not) 1:10 to 1:15 by using 0.25 % trypsin/EDTA every 3–4 days, 
and maintain at 37 °C with 5 % CO2.

HEK-293 cells are plated in 6-well plate dishes such that they 
are 70–90 % confluent on the day of transfection. Cells are trans-
fected with the plasmid of interest (TRP construct) using 
Lipofectamine 2000, according to the following protocol:

(a)	� The mix containing the plasmid of interest is prepared by 
diluting 1.6  μg DNA in 50  μl of growth medium in the 
absence of serum, and is gently mixed.

(b)	� The mix containing Lipofectamine 2000 is prepared by add-
ing 4 μl of Lipofectamine (1 mg/ml) in 50 μl of medium 
without serum.

(c)	� Once prepared, these two mixes are incubated for 5 min at 
room temperature.

(d)	� Afterwards, the mix containing Lipofectamine is added to the 
DNA mix. These two solutions are gently mixed and incu-
bated for 20 min at room temperature to allow formation of 
the DNA–lipid complex.

(e)	� 100 μl of DNA–lipid complex is then added to each well con-
taining cells and 900 μl of complete medium (plus serum, see 
Note 3), to obtain a final DNA concentration of 1.6 μg/ml.

(f)	� Cells are incubated at 37 °C and 5 % CO2 for 24–48 h before 
adding the required antibiotic to obtain stably transfected 
clones. In our protocol, stably transfected clones are selected 
by using 600 μg/ml of Geneticin G-418.

(g)	� Quantitative real time (qPCR) or Western blot analysis should 
be carried out routinely, to measure TRP gene over-expres-
sion in transfected cells.

3.1  Cell Culture 
and Transfection

TRPV1 Assay
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Prepare Fluo-4 AM stock solution by dissolving 50 μg Fluo-4 AM in 
15.2 μl of 20 % Pluronic® F-127 DMSO solution (see Note 4) + 15.2 μl 
of DMSO. Store stock solution at −20 °C.

Add 4 μl of Fluo-4 AM stock solution to 1.5 ml of basal EMEM 
medium (the final Fluo-4 AM concentration is 4 μM).

Take a 100 mm Petri dish with HEK cells at 70–80 % conflu-
ence and remove medium (see Note 5).

Add 4 μM Fluo-4 AM solution.
Keep cells in the dark at room temperature for 1 h (see Note 6).
Collect the cells by centrifuging for 1 min at 500 × g.
Remove supernatant, resuspend cells with 2  ml of Tyrode’s 

solution, and centrifuge for 1 min at 500 × g.
Remove supernatant, resuspend cells with 10 ml of Tyrode’s 

solution (see Note 7). Cells will be suitable for Ca2+ spectrofluo-
rimeter assays for up to 2 h (see Note 8).

To reduce leakage of the de-esterified Fluo-4 probenecid 
(2 mM), an anion transport inhibitor may be added to the Tyrode’s 
solution containing cells. However, probenecid is a specific activa-
tor of TRPV2 [7], and thus it is not appropriate to study this TRP 
channel.

Prepare Fura-2 AM stock solution: Dissolve 50 μg Fura-2 AM in 
20  μl of 20  % Pluronic® F-127 DMSO solution + 20  μl of 
DMSO. Store stock solution at −20 °C.

Add 4 μl of Fura-2 AM stock solution to 2 ml of basal EMEM 
medium (the final Fura-2 AM concentration is 2.5 μM).

Take a 100 mm Petri dish with HEK-293 cells at 70–80 % of 
confluence and remove medium.

Add 2.5 μM Fura-2 AM solution.
Keep cells in the dark at room temperature for 1 h.
Collect the cells by centrifuging for 1 min at 500 × g.
Remove supernatant, resuspend cells with 2 ml of Ca2+ free 

buffer (145  mM NaCl, 2.5  mM KCl, 2.7  mM MgCl2, 10  mM 
d-glucose, 0.1 mM EGTA, 10 mM HEPES, pH 7.4) (see Note 9), 
and centrifuge for 1 min at 500 × g.

Remove supernatant, resuspend the cells with 10 ml of Ca2+ 
free buffer. The cells will be suitable for Ca2+ spectrofluorimeter 
assays for up to 2 h.

The cells (loaded with Fluo-4 AM) are transferred to 1  cm2  
quartz cuvette of the spectrofluorimeter (Perkin-Elmer LS50B; 
λEX = 488 nm, λEM = 516 nm), equipped with PTP-1 Fluorescence 
Peltier System (PerkinElmer Life and Analytical Sciences) under 
continuous stirring (see Note 10). Experiments are carried out by 
measuring cell fluorescence at 25 °C before and after the addition 
of various concentrations of test compounds, the effects of which 
are normalized against the response to 4 μM ionomycin in each 
experiment. When significant, the increases in fluorescence in 

3.2  Fluo-4 
AM Loading

3.3  Fura-2 
AM Loading

3.4  Assay of TRP-
Mediated Elevation 
of Intracellular Ca2+ 
in Transfected 
HEK-293 Cells
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wild-type (i.e., not transfected with any construct) HEK-293 cells 
are used as baseline, and are subtracted from the values obtained 
from transfected cells. These increases in fluorescence values may be 
due to calcium influx that is not mediated by TRP, or to autofluo-
rescence of the test compounds that sometimes occurs at high con-
centrations. In Figs. 1 and 2 time course examples of the Fluo-4 
signals in human TRPV1 over-expressing HEK-293 cells are shown.

The potency of the compounds is determined as EC50 value, 
which is the concentration required to produce half-maximal 
increase in [Ca2+]i. Efficacy is defined as the maximum response 
elicited by the compounds tested and is determined by comparison 
with the effect observed with 4 μM ionomycin.

Antagonist/desensitizing behavior is evaluated against the 
TRP agonist by using the concentration that exerts a submaximal 
effect, by adding each compound to the quartz cuvette 2–5 min 
before stimulation of cells with the agonist. IC50 is expressed as the 
concentration that exerts a half-maximal inhibition of the agonist 
effect, taken as 100 %. Dose-response curves are fitted by a sigmoi-
dal regression with variable slope, using the Prism program 
(GraphPad Software Inc.). In Figs.  3, 4, and 5 dose-response 
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Fig. 1 Time course of the Fluo-4 signals recorded from HEK-293 cells over-expressing the human recombinant 
TRPV1 as response to two consecutive administration of 100 nM capsaicin and 4 μM ionomycin
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Fig. 2 Time course of the Fluo-4 signals recorded from HEK-293 cells over-expressing the human recombinant 
TRPV1 as response to 10 nM 5′-iodo-resiniferatoxin (5-IRTX), 100 nM capsaicin, and 4 μM ionomycin

Fig. 3 Effect of capsaicin on intracellular Ca2+ elevation in HEK-293 cells over-
expressing human TRPV1. Data are expressed as % of the effect observed with 
4 μM ionomycin
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curves are shown to evaluate potency or antagonist/desensitizing 
behavior of test compounds.

TRPV1-expressing HEK-293 cells respond to ethanol in a 
concentration-dependent fashion [8]; therefore it is important to 
avoid ethanol and use dimethyl sulfoxide (DMSO) for solubilizing 
the test compounds (see Note 11).

To study mobilization of intracellular calcium mediated by TRP, 
it is better to use the fluorescent probe Fura-2 AM. Indeed, the pos-
sibility to obtain ratio measurements is an important property of this 
probe. The use of the 340/380 nm excitation ratio allows accurate 
measurement of the intracellular Ca2+ concentration. To monitor 

Fig. 4 Desensitization by 5  min pre-incubation with capsaicin of 100  nM 
capsaicin-induced Ca2+ elevation in HEK-293 cells over-expressing the human 
TRPV1. The effect on [Ca2+]i exerted by 100 nM capsaicin alone was considered 
as 100 %

Fig. 5 Effect of a 5  min pre-incubation with the TRPV1 antagonist 5′-iodo-
resiniferatoxin (5-IRTX) on the response to 100  nM capsaicin. The effect on 
[Ca2+]i exerted by 100 nM capsaicin alone was considered as 100 %

TRPV1 Assay
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changes in calcium concentration which are independent of the con-
centration of Fura-2 in the cell, the ratio of the fluorescence intensi-
ties at 340 nm (corresponding to the bound form of calcium) and 
380 nm (corresponding to the unbound form of calcium) is calcu-
lated while the agonists are added to the cell suspension. The data 
are collected by rapidly measuring the intensity at excitation wave-
lengths of 340 and 380 nm, while the emission remains at 510 nm. 
A fast filter accessory allows the collection of data every 40 ms. The 
latter consists of a filter wheel installed in the excitation monochro-
mator. The filter wheel rotates rapidly and enables each filter to be in 
the beam coincident with the flash of the xenon lamp. Calcium con-
centrations can be calculated by calibrating the experimental results 
and using the Grynkiewicz equation to convert the intensity data to 
calcium concentrations [9].

The efficacy of the agonists is determined by comparison with 
the maximum effect on [Ca2+]i of 1 mM carbachol, or of 1 μM 
thapsigargin in cells that do not respond to carbachol [10].

Changes in [Ca2+]i are expressed as F340/F380 ratios.

By using Fluo-4 to estimate [Ca2+]i from the observed fluores-
cence signal, one can divide changes in fluorescence by the average 
resting fluorescence according to the formula:

	 D DCa rest rest
2+ = = -( )F F F F F/ / 	

where F is the measured fluorescence intensity of Fluo-4 at any 
given time, and Frest is the average fluorescence intensity of the dye 
in the cell before stimulation (e.g., before addition of an agonist).

For single wavelength indicators, to convert Ca2+ fluorescence 
to Ca2+ concentration the following calibration formula is generally 
used:

	
Ca d min max

2+éë ùû = -( ) -( )éë ùûK F F F F/
	

where Kd is the dissociation constant of the Ca2+ indicator, F is the 
fluorescence value measured at any time during the recording, Fmin 
is the fluorescence in the absence of Ca2+, and Fmax is the fluores-
cence intensity of the Ca2+ saturated dye. Fmin and Fmax are empiri-
cally determined in approximately zero and saturating Ca2+ [11]. It 
should be noted that Kd of Fluo-4 AM is 345 nM.

The same test can be used also for other TRPs, as follows.
For TRPV2 we showed that rat TRPV2-HEK-293 cells exhibit 

a sharp increase in intracellular [Ca2+]i upon application of 
2-aminoethoxydiphenyl borate or LPC, two well-established 
TRPV2 activators [12, 13]. We determined the concentration for 
half-maximal activation to be 3,400 ± 0.025 μM for LPC [14].

In the case of TRPV3, rat TRPV3-expressing HEK-293 cells 
were first sensitized with the agonist 2-aminoethoxydiphenyl borate 

3.5  Measuring Ca2+ 
in TRP Transfected 
HEK-293 Cells

3.6  Study of Other 
TRPs Using the 
Calcium Assay
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(100 μM). Antagonist/desensitizing behavior was evaluated against 
100 μM thymol, always by adding the test compounds to the quartz 
cuvette 2–5 min before stimulation of cells with agonists [15]. We 
did not use 2-aminoethoxydiphenyl borate only, because this com-
pound, although more potent than thymol or carvacrol 
(EC50 = 20 μM and maximal effect 42.1 % of ionomycin, under the 
conditions of our assay), is not selective [16].

In the case of rat TRPV4-expressing HEK-293 cells, the agonist 
used was 1 μM 4α-phorbol 12,13-didecanoate (4α-PDD), able to ele-
vate intracellular Ca2+ with a potency (EC50) of 0.46 ± 0.07 μM [16].

In the case of rat TRPM8-expressing HEK-293 cells, antago-
nist/desensitizing behavior was evaluated against 0.25 μM icilin 
and/or 20  μM menthol by adding the test compounds to the 
quartz cuvette 5 min before stimulation of cells with agonists. For 
icilin, efficacy is 75.1 ± 1.1; potency EC50 is 0.11 ± 0.01 μM; desen-
sitization IC50 is 0.0580 ± 0.0019 μM, while for menthol potency 
EC50 is 40.9 ± 15.1 μM [17–20].

It is noteworthy that in the case of TRPM8 the spectrofluo-
rimeter (Perkin-Elmer LS50B) should be equipped with PTP-1 
Fluorescence Peltier System; indeed, TRPM8 is gated by low tem-
perature (<25 °C) and during the cold season it could be already 
activated and consequently desensitized (see Note 12).

In the case of HEK-293 cells stably over-expressing recombinant 
rat TRPA1, the effects of TRPA1 agonists are expressed as a percent-
age of the effect obtained with 100 μM allyl isothiocyanate. For this 
substance efficacy is 65.9 ± 0.5; potency EC50 is 1.41 ± 0.04  μM; 
desensitization IC50 is 1.71 ± 0.06 μM [21].

4  Notes

	 1.	Prepare Tyrode’s solution using ultrapure water.
	 2.	Modification of carboxylic acids of Fluo-4 with acetoxymethyl 

(AM) ester groups results in an uncharged molecule that can 
permeate cell membranes. Inside the cell, the AM lipophilic 
groups are cleaved by nonspecific esterases, forming a charged 
form. Fluo-4 exhibits large fluorescence intensity increases 
(>100-fold) upon Ca2+ binding.

	 3.	Eukaryotic cells are efficiently transfected with Lipofectamine 
2000, according to the manufacturer’s instructions, in medium 
devoid of serum, which must be replaced after 4–5  h post-
transfection with fresh medium containing serum. However, 
the Lipofectamine 2000’s efficiency remains high under both 
cell transfection conditions.

	 4.	Pluronic® F-127 is a nonionic, surfactant polyol that facilitates 
the solubilization of water-insoluble dyes, and is used to help 
dispersion of AM ion indicators.

TRPV1 Assay
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	 5.	Cellular health before transfection is important. Use HEK-293 
cells at early passages to have a better transfection efficiency and 
expression levels. The cells should be maintained in exponential 
growth avoiding 100 % confluence, in order to maintain the 
ability to resume an exponential growth after passaging.

	 6.	Load Fluo-4 AM at room temperature, rather than at 37 °C, 
to avoid subcellular compartmentalization of the indicator, a 
problem with the AM ester loading technique that may inter-
fere with the measurement of cytosolic Ca2+.

	 7.	It is important to use a medium without serum for loading cells, 
and to leave out bovine serum albumin (BSA) in the assay buffer 
because the presence of BSA can influence the assay. Indeed, it 
was found that increase of [Ca2+]i induced at TRPV1 by the bio-
active lipid anandamide is potently reduced by BSA, which is 
normally used to avoid lipophilic substances from sticking to 
plastic and glassware [22]. This finding may be explained by sug-
gesting that BSA prevents the uptake of AEA by HEK-TRPV1 
cells, thus interfering with the carrier-mediated internalization of 
this compound, which is necessary to observe activation of 
TRPV1 at an intracellular site [23]. Additional studies have 
shown that BSA is necessary for anandamide release from cells, 
because otherwise this compound is immediately taken up from 
the incubation medium [24]. This observation may explain why 
a potency of anandamide at TRPV1 from five to tenfold lower 
than that reported by us has been observed by others [25–27], 
who added BSA to their TRPV1 assay protocols.

	 8.	The cells are usable for hours after Fluo-4 AM loading; how-
ever, because of the slow leakage of de-esterified indicator, it is 
better to measure cell fluorescence for 2–3 h after loading, thus 
avoiding a marked variation of Ca2+ signals.

	 9.	EGTA strongly chelates calcium ions, leaving the probe in its 
unbound state.

	10.	It is very important that the cells are under continuous stirring, 
to keep them in suspension during the time course of the 
experiment.

	11.	It is noteworthy that TRPV1-expressing HEK-293 cells respond 
to ethanol in a concentration-dependent mode. Ethanol potenti-
ates the response of TRPV1 to capsaicin, protons and heat [8]. 
For this reason, it is important to avoid ethanol to solubilize the 
compounds to be tested, using dimethyl sulfoxide (DMSO) 
instead or, when unsuitable, methanol at a 0.1 % concentration.

	12.	Thermo TRPs are activated by changes in the environmental 
temperature, from noxious cold (<15  °C) to injurious heat 
(>42  °C). In particular, for TRPM8 the thermal activation 
threshold is ≤25 °C; therefore it is important to keep experi-
mental temperature constant.
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    Chapter 8   

 A Functional Assay for GPR55: Envision Protocol                     

     Sharon     Anavi-Goffer      and     Ruth     A.     Ross     

  Abstract 

   AlphaScreen ®  SureFire ®  assay is a novel technology that combines luminescent oxygen channeling technol-
ogy, nano-beads, and monocloncal antibodies to detect the level of a selected protein in a volume lower 
than 5 μl. This method is more sensitive compared with the traditional enzyme-linked immunosorbent 
assays (ELISA), and can detect an increasing number of new targets. Here, we described a method for 
AlphaScreen ®  SureFire ®  assay that targets ERK1/2 phosphorylation, a primary downstream signaling 
pathway that conveys activation of GPR55 by  L -α-lysophosphatidylinositol (LPI) and certain 
cannabinoids.  

  Key words     AlphaScreen  ,   Enspire  ,   AlphaLISA  ,   GPR55  ,   Phytocannabinoids  ,   High-throughput screen-
ing  ,   Cannabinoid receptor  

1      Introduction 

    AlphaScreen ®  SureFire ®  assay is an alternative technology to the 
traditional ELISA (Fig.  1 ).

   It is faster and more sensitive than ELISA, requires a micro- 
quantity of the tested sample, and can be performed in 384 well 
plates (Fig.  2 ). This upscale enables the translation  to   high- 
throughput screening platforms that employ robotic devices at 
drug discovery laboratories.

   AlphaScreen ®  SureFire ®  assay has been applied to study the level 
of phosphorylated proteins in various fi elds of research, including 
GPCR signaling, epigenetics, kinase research, and protein- protein 
interactions. Using this method, we have recently studied the phar-
macological actions of synthetic cannabinoids  and   phytocannabi-
noids at the human GPR55 receptor [ 1 ]. The latter is activated by 
the endogenous lipid LPI [ 1 – 4 ], and appears to highly regulate can-
cer cell function. In selected cancer cells,    GPR55 is highly expressed 
and its activation by LPI increases cell migration, invasion, and pro-
liferation [ 5 – 7 ]. Based on these studies, many resources have been 
allocated to identify GPR55 inhibitors [ 1 ,  8 ]. Other important 
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• Two Antibodies 
• Increased specificity
• 96 wells
• High sample volume

• Less sensitive
• 2.5-200 mIU/ml

• Two Antibodies
• Increased specificity
• 384 wells-faster
• Low  sample volume

• More sensitive
• 1.0 – 30 000 mIU/ml

AlphaScreenSandwich ELISA

  Fig. 1    Time is money. A comparison between traditional sandwich ELISA and AlphaScreen ®  SureFire ®  assays. 
Note the number of samples, time, and sensitivity that AlphaScreen ®  SureFire ®  assay offers       

  Fig. 2    Illustration of AlphaScreen ®  SureFire ®  technology. Steps of the assay are highlighted       
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clinical targets for  identifying   GPR55 inhibitors emerged from stud-
ies which showed that activation of GPR55 contributes to infl amma-
tion and enhances neuropathic pain [ 9 ]. We have identifi ed GPR55 
enhancers, inhibitors, and modulators of LPI-induced activation of 
human GPR55 [ 1 ]. Our results also suggest that GPR55 has an 
allosteric binding pocket and point to a cross-talk between the cel-
lular messengers of NFAT- ERK1/2 signaling cascades [ 1 ]. Another 
example is related to the lectin-like oxidized low-density lipoprotein 
(oxLDL) receptor-1 (LOX-1) [ 10 ]. The latter has been shown to 
directly interact with C-reactive protein (CRP) in addition to bind-
ing to oxLDL [ 10 ]. These fi ndings suggest that CRP, a risk factor 
for cardiovascular events, promotes endothelial dysfunction and 
amplifi es vascular infl ammation by engaging LOX-1.  

2    Materials 

     1.     Drugs  .  All compounds were dissolved in DMSO, and 10 mM 
stocks were kept at −20 °C. LPI was stored at −80 °C for up to 
3 months.   

   2.     Cells.  Untransfected HEK293 cells are grown in Dulbecco’s 
modifi ed Eagle’s medium (Gibco) containing 2 mM  L - 
glutamine medium (Gibco), and 10 % fetal bovine serum. 
Cells are slit at a ratio of 1:2 or 1:4, according to the required 
cell density. For HEK293 cells that stably express the tagged-
 human   GPR55 receptor (hGPR55-HEK293), the GPR55 
receptor is tagged with a triple hemagglutinin epitope (HA) 
at the N terminus (3xHA-GPR55), preceded by the signal 
sequence from the human growth hormone (HGH; residues 
1–33), and is subcloned into pcDNA 3.1 vector. Transfected 
hGPR55-HEK293 cells are grown in a medium prepared 
with 500 ml of Dulbecco’s modifi ed Eagle’s medium/F12 
(Gibco), 50 ml of 10 % new born calf serum (Gibco), 5 ml 
of G-418 (50 mg/ml), 5 ml of  L -glutamine (Sigma), and 
3 ml of penicillin/streptomycin solution (containing 10,000 
units of penicillin (base) and 10,000 μg/ml of streptomycin 
from Gibco).   

   3.     Serum-free Medium . For transfected cells, add to DMEM/F12 
medium 5 ml of G418 and 5 ml of  L -glutamine. For untrans-
fected cells, add to DMEM/F12 medium 5 ml of  L -glutamine 
without G418.   

   4.     Assay Medium . Prepare serum-free/phenol-free “assay 
medium” with Dulbecco’s modifi ed Eagle’s medium/F-12 
containing 2 nM  L -Glutamine (Gibco).   

   5.     AlphaScreen  ®   Kit . AlphaScreen ®  SureFire™ Phospho-ERK½ 
is from PerkinElmer, and its components are listed in 
Table  1 .

GPR55 Assay
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       6.     Positive/Negative Control Lysates.  Lysates are provided with 
 the   AlphaScreen ®  Kit. Reconstitute them with double-distilled 
water (DDW) according to the manufacturer’s instructions, 
and freeze aliquots at −20 °C.   

   7.     Plates . Perform the assay in 384 well white ProxiPlates accord-
ing to the manufacturer’s instructions.      

3    Methods 

     1.     Cell Maintenance . Add cells to 10 ml of medium, centrifuge 
for 5 min at 200 ×  g , remove supernatant, add 10 ml of fresh 
growth medium, seed in a T75 fl ask, place in the incubator in 
a humidifi ed atmosphere at 37 °C and 5 % CO 2 ; refresh 
medium after 24 h.   

   2.     Plating hGPR55-HEK Cells for Assay . The following protocol 
yields about fi ve 96 well plates. Harvest cells from two T75 fl asks 
by washing once with dissociation buffer (from Sigma), add 
10 ml of dissociation buffer, collect cells into a 50 ml tube, add 
10 ml of growth medium, centrifuge at 200 ×  g  for 3 min, resus-
pend in 20 ml of growth medium. Count cells, seed 40,000 
cells/well in a 96 well plate. Cells should be 100 % confl uent on 
the next day.   

   3.     Prepare hGPR55-HEK for Assay . Remove the growth medium 
from the cells, and replace with 100 μl of serum-free medium. 
Serum-starve the cells for 48 h. Both media should be warmed 
up to 37 °C ( see   Note 1 ).   

   4.     ERK1/2 MAP-kinase Phosphorylation Assay      

 Follow these steps:

    1.    Design your assay plate (method described below is for a 96 
well plate).   

   2.    Warm up the assay medium to 25 °C.   

   Table 1  
  Materials supplied with the kit   

 Lysis buffer ×5  5 × 2 ml  Store at 4 °C 

 Activation buffer  1 × 2 ml  Store at room temperature or 4 °C 

 Warm up to 37 °C on assay day 

 Reaction buffer  2 × 1.7 ml  Store at 4 °C 

 Control un-stimulated cell lysate  50 μl  Aliquot and store at −20 °C 

 Control stimulated cell lysate  50 μl  Aliquot and store at −20 °C 

 Protein A IgG kit  Store at 4 °C in the dark 
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   3.    Prepare 1× lysis buffer by diluting 1:5 with DDW the lysis buf-
fer ×5, supplied with the kit. For example, mix 1000 ml of lysis 
buffer with 4000 ml of DDW. Keep on ice ( see   Note 2 ).   

   4.    Prepare drugs at the required test dilutions. Keep the concentra-
tions of the solvent at a constant level throughout the experiment. 
Typically, fi nal concentrations of 0.1 or 0.2 % DMSO are used.   

   5.    Label plate and remove medium.   
   6.    Wash once with assay medium.   
   7.    Remove medium from cells.   
   8.    Add the tested drugs at the desire volume.   
   9.    Incubate at 37 °C. Typically, to measure LPI-induced ERK1/2 

phosphorylation an incubation of 20 min is recommended. 
However, the time should be selected based on preliminary 
experiments.   

   10.    Remove medium from cells.   
   11.    Keep the plate on ice.   
   12.    Add 50 μl/well of 1× lysis buffer.   
   13.    Store at −80 °C for at least 1 h ( see   Note 3 ).     

   To test the level of ERK1/2 phosphorylation, follow these steps:

    1.    Warm up Activation buffer from the kit to room temperature.   
   2.    Thaw the assay plate (from the above  step 13 ) at room 

temperature.   
   3.    Transfer 4 μl of the lysed cells from each well into a well of the 

384 ProxiPlate.   
   4.    Transfer 4 μl of control lysate (supplied with the kit) into a well 

of the 384 ProxiPlate.   
   5.    Prepare AlphaScreen ®  beads-containing ERK1/2 assay mix, as 

detailed in Table  2 .
       6.    Add 7 μl per well of ERK1/2 assay mix.   
   7.    Seal the ProxiPlate and protect from light.   
   8.    Incubate the ProxiPlate for 3.5 h at 23–25 °C in the dark.   

3.1  ERK1/2 
Phosphorylation Assay

   Table 2  
  ERK1/2 assay mix   

 Assay mix for 100 wells 

 600 μl of Reaction Buffer 

 100 μl of Activation Buffer 

 10 μl of Donor Beads 

 10 μl of Acceptor Beads 

GPR55 Assay
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   9.    Incubate plate at room temperature and read with the Envision 
system (PerkinElmer), by using AlphaScreen ®  settings.      

   Raw data can be presented as “Envision units,” defi ning basal level (in 
the presence of vehicle) as zero. Results are presented as means and 
variability as SEM or 95 % confi dence limits (CL) of the percent stim-
ulation of phosphorylated ERK1/2 above the basal level. Data can be 
analyzed by using nonlinear analysis of  log   agonist  versus -response 
curves with Prism 5.0 program (GraphPad, San Diego, CA) (Fig.  3 ).

   When curves cannot be fi tted by nonlinear analysis of log ago-
nist versus-response curves, statistical signifi cance of the stimula-
tion can be determined with an unpaired Student’s  t- test at each 
specifi c concentration. Results are considered signifi cant only when 
F-test comparing the variance is not signifi cantly different.   

4    Notes 

     1.    All media should be warmed up to 37 °C, unless specifi ed 
otherwise.   

   2.    Portions of the diluted lysis buffer can be stored frozen (−20 °C) 
for subsequent experiments.   

   3.    Lysates can be frozen (−80 °C) at this stage, to be assayed later.         

3.2  Data Analysis
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  Fig. 3    ( a ) Mean log concentration-response curves of LPI effect on ERK1/2 phosphorylation in hGPR55-HEK293 
cells after 20 min ( n  = 4 each in triplicate). No signifi cant differences are observed in basal levels of phos-
phorylated ERK1/2 in untransfected HEK293 cells and hGPR55-HEK293 cells incubated for 20 min in 0.1 % 
DMSO ( n  = 2 each in duplicate). ( b ) LPI-induced stimulation of ERK1/2 phosphorylation is attenuated by 10 μM 
PD98059, a MEK1 inhibitor, that signifi cantly reduces basal pERK levels. * p  < 0.05, ** p  < 0.01, *** p  < 0.001 by 
means of one-sample  t -test. ( c ) Mean log concentration-response curves of ERK1/2 phosphorylation after 
20 min stimulation at 37 °C with Δ 9 -tetrahydrocannabinol (Δ 9 -THC) ( n  = 3). Each  symbol  represents the 
mean percentage change in bound phosphorylated ERK1/2 ± SEM over the basal level       
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Chapter 9

The Cyclic AMP Assay Using Human Cannabinoid CB2 
Receptor-Transfected Cells

Pietro Marini, Maria Grazia Cascio, and Roger G. Pertwee

Abstract

The cyclic AMP assay is a functional assay that is commonly used to determine the pharmacological behav-
ior (agonists, antagonists, inverse agonists) of G-protein-coupled receptor (GPCR) ligands. Here, we 
describe the cyclic AMP assay that is carried out with commercially available non-radioligand ready-to-use 
kits and Chinese hamster ovarian (CHO) cells stably transfected with the human cannabinoid CB2 
receptor.

Key words Cyclic AMP, Cannabinoid receptor type 2, Forskolin (FSK), Agonist, Antagonist, Inverse 
agonist, 3-Isobutyl-1-methylxanthine (IBMX)

1  Introduction

Cannabinoid CB2 receptors belong to the superfamily of G-protein-
coupled receptors and they are mainly coupled to the Gi/o subunit 
[1]. When activated by CB2-selective endogenous or synthetic 
agonists, these receptors are capable of reducing the activity of the 
enzyme adenylate cyclase that in turn induces a reduction of  
the production of the second messenger, cyclic AMP (3′,5′-cyclic 
adenosine monophosphate) [1]. The study of cyclic AMP, which is 
involved in crucial cellular functions, has over time attracted the 
interest of scientists, leading to the development of investigational 
methods that allow the direct assessment of intracellular cyclic 
AMP levels. In the past, these methods were based mainly on the 
use of radioligands, and yet they have the disadvantage of lacking 
high sensitivity. Moreover, the use of radioactive materials is strictly 
limited to suitably qualified researchers.

Nowadays, these techniques have been replaced, at least in 
part, by the development of new methodologies that are based on 
the use of chemiluminescence and offer a number of advantages. 
Thus, these non-radioligand ready-to-use kits are highly sensitive, 



86

fast, and very easy to use and clear instructions are provided by the 
manufacturer. These advantages have recently prompted these kits 
to be frequently used in research, particularly in laboratories in 
which in  vitro studies aimed at evaluating the pharmacological 
behavior of plant-derived as well as synthetic CB2 receptor ligands 
are being performed [2–6]. Indeed, by measuring cyclic AMP levels, 
it is possible to establish whether a ligand is capable of activating a 
receptor (an agonist) or of inhibiting and/or blocking it (an inverse 
agonist and/or an antagonist) [7]. The measurement of cyclic 
AMP levels using these kits involves three main steps: (1) cell  
culturing, counting, and seeding; (2) performing a cyclic AMP 
assay; and (3) analyzing the results.

In these assays, forskolin (FSK), a ubiquitous activator of ade-
nylate cyclase, is commonly used to raise intracellular levels of 
cyclic AMP.  The competitive nonselective phosphodiesterase 
inhibitor, 3-isobutyl-1-methylxanthine (IBMX), is also used to 
raise intracellular cyclic AMP levels in the cyclic AMP assay [8].

2  Materials

	 1.	Cells: CHO cells transfected with cDNA encoding human CB2 
receptors are commercially available (e.g., ValiScreen 
Cannabinoid CB2 (human) cell line, Perkin Elmer, USA).

	 2.	Culture medium: Use sterile Dulbecco’s modified Eagle’s medium 
nutrient mixture F-12 HAM, supplemented with 1 mM l-gluta-
mine, 10 % fetal bovine serum (FBS), 1 % penicillin–streptomycin, 
and 0.6  % G418 (3,5-dihydroxy-5-methyl-4-methylaminooxan-
2-yl [oxy-2-hydroxycyclehexy]oxy-2-(1-hydroxyethyl)oxane-3,4-
diol); 400 mg/ml.

	 3.	Nonenzymatic cell dissociation solution: Dissolve 1  mM 
EDTA in distilled water, and then sterilize this solution by 
using an autoclave (see Note 1).

	 4.	Use phosphate buffer saline (PBS); this is commercially 
available.

	 5.	For cell culturing use plastic flasks (surface cell culture: 75 cm2).

Here we describe the HitHunter® cyclic AMP assay kit according 
to the vendor’s protocol (DiscoveRx Corporation, Ltd, Aston, 
Birmingham, UK). This assay is carried out in non-sterile condi-
tions; thus all the following solutions are non-sterile.

	 1.	Test compounds: Dissolve the compounds under investigation 
in the appropriate solvent (e.g., dimethyl sulfoxide; DMSO) at 
a concentration of 10 or 100 mM, splitting the solution into 
50 μl aliquots and storing each aliquot at −20 °C (see Note 2).

2.1  Cell Culture

2.2  Cyclic 
AMP Assay
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	 2.	Forskolin solution: Dissolve forskolin in DMSO at a concen-
tration of 10 mM and store each aliquot (50 μl) at −20 °C.

	 3.	IBMX solution: Dissolve IBMX in DMSO at a concentration 
of 100 mM and store each aliquot (50 μl) at −20 °C.

	 4.	Other reagents are included in the kit and they are ready to use 
(see Note 3).

	 5.	To seed the cells and carry out the assay, use 96-well clear flat-
bottom sterile plates, both with opaque walls (black or white) 
to prevent well-to-well cross talk and with clear bottoms to 
permit direct microscopic viewing. The plates should be suit-
able for top and bottom reading instruments and for reading 
down to 340 nm (see Note 4).

	 6.	To seed the cells with a consistent number in each well, use of 
8-channel pipettes is suggested.

3  Methods

Perform the following steps under sterile conditions.

	 1.	Maintain monolayers of hCB2-transfected CHO cells at 37 °C 
and in 5 % CO2 in medium flasks (surface cell culture: 75 cm2), 
and passage them twice weekly using a nonenzymatic cell dis-
sociation solution (1 mM EDTA).

	 2.	When cells reach 80–85 % confluence, remove medium from 
the flask, wash the cells with 10 ml of PBS, add 5 ml of nonen-
zymatic cell dissociation solution, place the flask in an incubator 
(at 37 °C) for 2–3 min, gently detach the cells, add 5 ml of 
culture medium, and transfer the solution (containing the cells) 
to a 20 ml of sterile plastic culture tube (clear polystyrene).

	 3.	Count the cells by mixing 10 μl of the solution containing the 
cells with 10 μl of trypan blue, and then count 10 μl of this 
mixture by using a hemocytometer chamber and a microscope. 
The following formula can be used to estimate the number of 
cells per ml:

	 cells counted´( )´2 10 000, .	
 4.	Seed 2 × 104 cells/well in 100 μl of complete culture medium 

in white 96-well plates with clear bottoms, and incubate at 
37 °C in 5 % CO2 for approximately 24 h before continuing 
with the experiment (see Note 5).

Carry out all of the following procedures at room temperature 
(i.e., from 23 to 27 °C).

	 1.	Prepare a working buffer (A) that contains a 1:1 mixture of 
DMEM and Ham’s F12 medium (without red phenol), the 
phosphodiesterase inhibitor IBMX (100 μM), and 10 μM for-

3.1  Cell Culture

3.2  Cyclic 
AMP Assay

Cyclic AMP Assay with CB2
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skolin (see Note 6). In addition, prepare a buffer (B) that is 
buffer A without forskolin.

	 2.	Using buffer A and stock solutions of each test compound 
(e.g., 10 mM or 100 mM in DMSO), prepare decreasing con-
centrations of the test compound so that a dose-response curve 
can be drawn (see Note 7). Also prepare a control solution by 
using buffer B, with the same % of vehicle (e.g., DMSO) pres-
ent in each diluted solution.

	 3.	To start the assay, discard medium from each well and wash the 
cells with DMEM/F-12 medium without FBS and phenol red.

	 4.	Add buffer B to those wells that will be used to determine the 
basal production of cyclic AMP, then add buffer A to the other 
wells that will be used to determine the amount of cyclic AMP 
produced by forskolin, and finally add to each buffer 
A-containing well a test compound to allow the construction 
of dose-response curves. The latter will be used to determine 
whether the test compound is able to inhibit or stimulate 
forskolin-induced production of cyclic AMP.

	 5.	In parallel, construct a standard curve using known concentra-
tions of cyclic AMP provided by the supplier.

	 6.	Incubate for 30 min at 37 °C and in 5 % CO2.
	 7.	Add to each well the appropriate mixture of kit components 

(as described by the manufacturer).
	 8.	Incubate the plates overnight (approximately 12 h) at room 

temperature in the dark, shaking them gently in a horizontal 
shaker.

	 9.	Measure the luminescent signal using an appropriate plate reader 
(e.g., Synergy HT Multi-Mode Microplate Reader, BioTek, 
Winooski, VT, USA).

	 1.	Construct a cyclic AMP standard curve by plotting the lumi-
nescence values, expressed in relative luminescence units 
(RLUs), versus each known concentration of cyclic AMP. A 
standard curve of the kind shown in Fig. 1 should be obtained.

	 2.	Convert this curve into a sigmoidal log dose-response curve 
(Fig. 2), so that the concentration of cyclic AMP produced by the 
cells in the presence of forskolin alone or forskolin plus the specific 
CB2 receptor ligands under investigation can be calculated.

	 3.	To determine the amount of cyclic AMP produced, in ng, a 
linear regression curve can be plotted (Fig. 3).

	 4.	Results can be expressed either as % inhibition of cyclic AMP 
production or as % of forskolin-induced cyclic AMP produc-
tion, using the formulae shown below. Examples of results 
obtained in this manner are shown in Figs. 4 and 5.

3.3  Analysis 
of the Results

Pietro Marini et al.
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% inhibition of cyclic AMP production:
	

Estimated FSK induced cyclic AMP production
Estimated ligand  ( ) - iinduced cyclic AMP production

Estimated FSK induced cycli

æ
è
ç

ö
ø
÷

- cc AMP production( )
´100

	

% of forskolin-induced cAMP production:

	

Estimated ligand induced cyclic AMP production

Estimated FSK i

-( )
- nnduced cyclic AMP production( )

´100
	

Fig. 1 Cyclic AMP standard curve obtained by plotting the luminescence signals 
(expressed as RLU values) generated by each standard concentration of cyclic 
AMP (the standards are provided by the manufacturer)

Fig. 2 Sigmoidal cyclic AMP standard curve constructed by converting the cyclic 
AMP concentrations into log values

Cyclic AMP Assay with CB2
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Fig. 3 Linear regression cyclic AMP standard curve obtained by plotting the stan-
dard cyclic AMP concentrations (molar) versus the relative amount of cyclic AMP 
contained in each standard. For instance, the highest concentration of the stan-
dard cyclic AMP provided by the manufacturer is 4.63 × 10−6 M in a total volume 
of 60 μl. The concentration (M) is moles/liter, thus multiplying the concentration by 
the volume (in litre) you get the number of moles. Since the number of moles can 
be obtained from grams/molecular weight, multiplying the molecular weight by 
the number of moles, you get the number of grams (that is the amount of cyclic 
AMP contained in the highest concentration of your standard). Repeat this proce-
dure for each standard provided by the supplier, and report values in the graph. 
Note that in this figure, the amount of cyclic AMP is expressed in nanograms (ng)

Fig. 4 Typical log concentration-response curves obtained by using non-radioligand ready-to-use kits for 
cyclic AMP detection. Left panel: Typical sigmoidal log concentration-response curves of a cannabinoid CB2 
receptor full agonist (CP-55,940) and a cannabinoid CB2 receptor antagonist/inverse agonist (GW-405833). 
Right panel: Typical sigmoidal log concentration-response curve of the cannabinoid CB2 receptor antagonist/
inverse agonist, SR 144528. Data are expressed as % inhibition of cyclic AMP production. The concentration 
of forskolin used in these experiments was 10 μM (EC80)

Pietro Marini et al.
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4  Notes

	 1.	The cell dissociation solution is also commercially available. 
We recommend that trypsin is not used to detach the cells, 
because this enzyme may affect cell functionality.

	 2.	Avoid multiple thawing of the same aliquot, since this may 
result in the degradation of chemically unstable compounds. 
We recommend that the same aliquot is not used more than 
twice.

	 3.	Store reagents at −20 °C and thaw them at room temperature 
before use. All reagents should be thawed and then frozen no 
more than three times. We suggest that aliquots are made of all 
the components of the kit, and that multiple thawing and 
refreezing are avoided.

	 4.	Black pigment walls have generally low background fluorescence, 
while dense white pigment walls enhance luminescence signals 
and reduce both background luminescence and background  
fluorescence. The manufacturer suggests that white-wall plates 
are used.

Fig. 5 Typical log concentration-response curves obtained by using non-radioligand ready-to-use kits for 
cyclic AMP detection. Left panel: Typical sigmoidal log concentration-response curves of a cannabinoid CB2 
receptor full agonist (CP-55,940) and a cannabinoid CB2 receptor antagonist/inverse agonist (GW-405833). 
Right panel: Typical sigmoidal log concentration-response curve of the cannabinoid CB2 receptor antagonist/
inverse agonist, SR 144528. Data are expressed as % of forskolin-induced cyclic AMP production. The concen-
tration of FSK (forskolin) used in these experiments was 10 μM (EC80)

Cyclic AMP Assay with CB2
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	 5.	The number of cells used in the cyclic AMP assay may vary 
from lab to lab. We use 2 × 104 cells/well. However, we sug-
gest to optimize the number of cells before further assays are 
carried out.

	 6.	To determine the optimal concentration of FSK for stimulat-
ing adenylate cyclase, and thus cyclic AMP production, cells 
should be treated with increasing concentrations of FSK. Data 
needed to construct a log concentration-response curve for 
FSK-induced cyclic AMP production can be obtained using 
the following formula:

Estimated cyclic AMP productionbyspecificFSKconcentration

Es

( )
ttimated basalcyclic AMP production controlsamplewithoutFSKad, dded( )

´100

		 See Fig. 6 for an example of such a log concentration-response 
curve.

	 7.	To construct a dose-response curve of the compound under 
investigation, prepare a stock solution by dissolving the test 
compound in DMSO (e.g., 100 mM), and make serial dilu-
tions as follows: 100 μM, 10 μM, 1 μM, 100  nM, 10  nM, 
1 nM, and 0.1 nM. Also ensure that the concentration of vehi-
cle in each solution remains constant.

		 Please note that in a sigmoidal log concentration-response 
curve, these concentrations are expressed as log M (Fig. 6).

Fig. 6 % of cyclic AMP produced by hCB2-CHO cells (10,000 cells/well) in response 
to increasing concentrations of forskolin. The mean EC50 value is 90 nM, while the 
mean EC80 is 10 μM

Pietro Marini et al.
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    Chapter 10   

 Assay of GTPγS Binding in Autoradiography                     

     Marina     Gabaglio    ,     Pamela     Prini    ,     Erica     Zamberletti    ,     Tiziana     Rubino    , 
and     Daniela     Parolaro      

  Abstract 

   Autoradiography of radiolabeled GTPγS ([ 35 S]GTPγS) binding is a relevant method to study the function 
of G protein-coupled receptors (GPCRs), in tissue sections. Here, we describe the protocol for such a 
binding autoradiography, suitable to investigate the functionality of CB 1  receptor in tissue slices from 
rodent brain.  

  Key words     [ 35 S]GTPγS  ,   Binding  ,   Autoradiography  ,   CB 1  receptor  ,   G-proteins  ,   Brain section  

1      Introduction 

 [ 35 S] GTPγS   binding autoradiography is a technique used to 
provide functional information  on   G protein-coupled receptors 
(GPCRs). It has been developed to measure the level of G pro-
tein activation following agonist occupation of a GPCR. This 
can be obtained by labeling receptor-coupled G proteins with a 
non- hydrolyzable radiolabeled analogue of GTP (GTPγS), in 
the presence of excess GDP [ 1 ]. 

 GPCRs represent the largest family  of   membrane proteins and 
mediate many cellular processes [ 2 ]. Indeed, members of this family 
include receptors for a great variety of ligands (e.g., hormones, 
neurotransmitters, lipids, and even for direct sensory stimuli) [ 3 ]. 
The main endocannabinoid receptors, CB 1  and CB 2 , belong to the 
GPCR family. 

 Structurally, GPCRs consist of an extracellular N terminus, seven 
transmembrane domains, and an intracellular C terminus. They cou-
ple with G proteins that are membrane-anchored heterotrimeric pro-
tein molecules responsible  for   signal transduction and amplifi cation. 
G proteins are composed by α (45 kDa), β (35 kDa), and γ (8 kDa) 
subunits. The α and γ subunits are attached to the membrane by lipid 
anchors, and the former subunit binds either GDP or GTP, depend-
ing on whether the protein is inactive (GDP) or  active   (GTP). In the 
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inactive state, the entire G protein-GDP complex binds a GPCR. Upon 
ligand binding, a conformational change of the GPCR activates the G 
protein,  and   GDP bound to the α subunit is physically replaced by 
GTP. At this point, the G protein subunits dissociate into the GTP-
bound α subunit and a β-γ dimer. Both parts remain anchored to the 
membrane, but not to the GPCR, and can interact with several effec-
tor systems. Then, the GTPase activity of Gα subunit hydrolyzes GTP 
into GDP, allowing the α subunit to reassociate with the β-γ complex, 
and resetting the G protein to the inactive state [ 4 ]. 

 The concept that receptor–G-protein complexes are still able to 
function in tissue sections came from Zarbin and colleagues in 1983 
[ 5 ]. In 1986, the fi rst autoradiographic visualization of guanine—
nucleotide-binding proteins was obtained using [ 3 H]Gpp(NH)p in 
a rat brain section [ 6 ]. Then, in 1995 for the fi rst time Sim and 
colleagues performed the [ 35 S]GTPγS  binding   autoradiography  in 
  rat brain cryosections after CB 1  receptor stimulation [ 7 ].  

2    Materials 

 Prepare all stock solutions during the days preceding the assay, and 
store under appropriate temperature conditions. 

       1.    Microscope slides (26 × 76 mm).   
   2.    Gelatine: Dissolve 2.5 g of gelatine in 0.5 l of heated, deion-

ized water (temperature should not exceed 60 °C). After the 
gelatine has dissolved, let cool the solution at room tempera-
ture. Add 0.25 g of chromium potassium sulfated. Mix and 
fi lter solution before use. Store at 4 °C.   

   3.    Racks.      

       1.       Cryostat (Leica, Biosystem, Nussloch GmbH, Germany).      

       1.    Liquid-repellent slide marker pen (PAP-PEN).   
   2.    1 M Tris–HCl, pH 7.4: Weight 157.6 g Tris hydrochloride 

and transfer to a glass beaker. Add water to a volume of 800 ml. 
Mix and adjust pH with 10 M NaOH. Make up to 1 l with 
water. Store at 4 °C ( see   Note 1 ).   

   3.    60 mM MgCl 2  stock solution: Add 600 μl of solution in 10 ml 
of water. Store at 4 °C.   

   4.    0.25 M EGTA stock solution: Dissolve 0.951 g in 10 ml of 
water. Store at 4 °C.   

   5.    Bovine serum albumin (BSA): 0.5 % (wt/vol) in assay buffer. 
Lyophilized powder, essentially fatty acid free ≥96 %. Store at 
4 °C.   

2.1  Slide Preparation

2.2  Tissue 
Preparation

2.3  Assay 
Components
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   6.    1.6 M NaCl stock solution: Dissolve 4.68 g in 50 ml of water. 
Store at 4 °C.   

   7.    1000 U Adenosine deaminase stock solution: Add 1 μl of ade-
nosine deaminase in 999 μl of water, to prepare (fresh each 
time) a working solution.   

   8.    Assay buffer: 1 M Tris–HCl, pH 7.4, 0.06 M MgCl 2 , 0.25 M 
EGTA, 1.6 M NaCl, 0.5 % BSA, 1000 U adenosine deaminase. 
Mix all components and make up to a convenient volume with 
water at room temperature ( see   Note 2 ).   

   9.    300 mM Guanosine 5′-diphosphate disodium  salt   (GDP) 
stock solution: Dissolve 146 mg in 1 ml of assay buffer without 
0.5 % BSA. Store at −20 °C.   

   10.    Guanosine 5′-[ 35 S]triphosphate triethylammonium salt ([ 35 S]
GTPγS, 1250 Ci/mmol in 250 μl): Add 2 μl of [ 35 S]GTPγS in 
498 μl of 50 mM Tris–HCl, to prepare a 40 nM [ 35 S]GTPγS 
stock solution. Add 50 μl of 40 nM stock solution in 450 μl of 
50 mM Tris–HCl, to prepare the working solution. Store in a 
safe location at −20 °C ( see   Note 3 ).   

   11.    1 mM CP-55,940 stock solution: Dissolve 3.86 mg in 10 ml of 
ethanol. Store at −20 °C.   

   12.    Carestream ®  Kodak ®  BioMax ®  MR fi lm (18 cm × 24 cm): Store 
at room temperature.   

   13.    GE Healthcare Amersham™ Hypercassette™    Autoradiography 
Cassette.   

   14.    Developer D-19 and fi xer Kodak™ Processing chemicals: 
Developer: Dissolve 607 g in 3.8 l of hot water (38–52 °C), 
and stir until complete dissolution. Fixer: Dissolve 700 g in 
3.8 l of water (18–25 °C), and stir until complete dissolution 
( see   Note 4 ). It is also possible to use a developing machine.       

3    Methods 

       1.    Place the slides into racks.   
   2.    Dip the racks containing the slides three times (30 s each) into 

the gelatin solution.   
   3.    Remove the excess solution from the racks. For better drain-

age, gently tap the racks against a piece of paper ( see   Note 5 ).   
   4.    Cover each rack with an aluminum foil and dry overnight at 

50 °C.   
   5.    Put the dried slides into the boxes to protect from dust. 

Enumerate them before use.      

3.1  Gelatine- 
Coated Slides

GTPγS Assay
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       1.       Rat or mouse brain is rapidly removed, frozen in liquid nitro-
gen, and stored at −80 °C until sectioning.   

   2.    Cut 20 μm thick brain sections according to the rat or mouse 
brain atlas (e.g., Paxinos and Watson), at −20 °C using the 
cryostat. For each brain area of interest (according to the atlas 
coordinates), prepare a set of slides. Proceed collecting the fi rst 
section for each slide, and then repeat the procedure collecting 
the second section for each slide. Each slide can contain till 
 four   rat brain sections or fi ve mouse brain sections. In this way, 
each slide contains the area of interest in its whole extension 
and is comparable to the others ( see   Note 6 ).   

   3.    Thaw-mount the sections onto gelatin-coated microscope 
slides and store at −80 °C until use ( see   Note 7 ).      

   The assay is composed of three consecutive incubations. All proce-
dures must be carried out at room temperature (25 °C) and atten-
tion must be paid when handling and storing  of   radioisotopes. 
These must be used in the dedicated rooms.

    1.    Lead the slides at room temperature to thaw. For the binding 
assay two consecutive slides are needed (e.g., even and odd 
number) for each brain area of interest.   

   2.    When the slides are dried, surround the sections with the liq-
uid blocker PAP-PEN ( see   Note 8 ).   

   3.    Prepare an appropriate volume of the assay buffer (400 μl per 
slide × 3 incubations) by mixing 50 mM Tris–HCl, 3 mM 
MgCl 2 , 0.2 mM EGTA, 100 mM NaCl, 0.5 % BSA, 10 mU/
ml adenosine deaminase, and deionized water in a graduate 
cylinder with the aid of a magnetic stirrer ( see   Note 9 ).   

   4.    Preincubate slides in assay buffer for 10 min at room tempera-
ture by adding 400 μl of assay buffer and ensure that all the 
sections are covered.   

   5.    Add 300 mM GDP to the remaining assay buffer to reach a fi nal 
concentration of 3 mM GDP (1:100 dilution) ( see   Note 10 ).   

   6.    Drain the slides and re-incubate in assay buffer supplemented 
with 3 mM GDP at room temperature for 15 min.   

   7.    Under proper safe conditions, lead the working solution of 
[ 35 S]GTPγS at room temperature to thaw. Dilute the [ 35 S]
GTPγS 1:100 in assay buffer containing 3 mM GDP. Add an 
appropriate volume of 4 nM [ 35 S]GTPγS in the assay buffer, 
and split equal volumes of the solution in two conical tubes. 
Add 1 mM CP-55,940 to one tube to reach a fi nal concentra-
tion of 5 μM CP-55,940 (1:200 dilution) that will be used for 
the stimulation. The tube containing the buffer without ago-
nist will be used to determine the basal signal.   

3.2  Tissue 
Preparation

3.3  Assay
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   8.    Drain the slides. Then, place them on the bench dividing them 
into two groups:
   (a)    Stimulated slides (e.g., odd numbers).   
  (b)    Basal slides (e.g., even numbers).       

   9.    Incubate the slides in assay buffer containing 3 mM GDP and 
0.04 nM [ 35 S]GTPγS with (stimulated) or without (basal) 5 μM 
of CP-55,940 at room temperature for 2 h ( see   Note 11 ).   

   10.    To remove unbound radioactivity, transfer the slides into racks 
and rinse twice in 50 mM Tris–HCl at 4 °C for 5 min, and 
once in deionized water ( see   Note 12 ).   

   11.    Rapidly dry the slides under a stream of cold air, arrange into 
an autoradiography cassette, and expose to Biomax MR Kodak 
fi lm for 48 h ( see   Note 13 ).   

   12.    After exposure, develop the fi lm manually or in automated 
procedure ( see   Note 14 ).    

         1.    Scan the autoradiography fi lm using a scanner connected to a 
PC running Microsoft Windows.   

   2.    Analyze the images with image analyzer programs such as 
Image-Pro Plus 5.0 (MediaCybernetics, Silver Spring, USA) 
or NIH Image J ( see   Note 15 ).   

   3.    Conduct all statistical analyses using GraphPad Prism ®  (La Jolla, 
CA, USA) for Microsoft Windows, or equivalent program.       

4    Notes 

     1.    When performing the experiment, check carefully the pH of 
the solution.   

   2.    When used in the protocol, this buffer produces fi nal concen-
trations in the incubation reaction mixture of 50 mM Tris–
HCl, 3 mM MgCl 2 , 0.2 mM EGTA, 100 mM NaCl, and 
10 mU/ml adenosine deaminase.   

   3.    One inconvenient aspect of the assay is the short physical half- 
life (87.4 days) of [ 35 S]GTPγS. Check the fresh lot days on the 
website of the supplier.   

   4.    These solutions must be prepared and stored in the dark.   
   5.    The gelatine solution can be used for several times; store at 

4 °C and bring at room temperature before use. Slides need to 
be coated with gelatine to enhance adhesion of the tissue and 
to prevent or reduce the loss of sections during the treatment. 
Coating must be done carefully to avoid air bubbles.   

   6.    You can collect coronal and/or sagittal sections. We suggest to 
collect sagittal sections for an overview of CB 1  receptor- stimulated 

3.4  Image Analysis

GTPγS Assay
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GTPγS throughout the brain. Instead, to obtain more detailed 
information on specifi c brain regions or nuclei, use coronal 
sections.   

   7.    Warning: To obtain optimal signal do not use brain sections 
older than 6 months, unless perfectly stored at −80 °C. Never 
use sections older than 1 year.

    8.    The PAP PEN creates a hydrophobic barrier when a circle is 
drawn around tissue sections. This barrier stops spreading and 
reduces waste. The target area drawn around the sections must 
be the same for all slides, 400 µl for 2.5 cm × 4 cm, to allow the 
same concentration of reagents.       

   9.    Pay attention to MgCl 2  concentration in the assay buffer, since 
its change can affect the outcome of the assay.   

   10.    This solution will be used for the next incubations (Fig.  1 ). 
This assay requires a  large   excess of GDP to ensure that G pro-
teins are present in the inactive state. This is needed to sup-
press basal binding and is reached with 1–5 mM GDP. This 
will allow to obtain clear section images on the autoradio-
graphic fi lm. When sections are too dark, try to increase GDP 
concentration.

       11.    Pay attention! Slides must not dry during this incubation. 
Surround slides with wet paper to maintain humidity.   

   12.    Prepare 200 ml of 50 mM Tris–HCl per wash.   
   13.       Autoradiography fi lm must be handled under proper safelight 

condition. Make sure that the slides are completely air-dried 
before exposure. The emulsion coating is on a single side of 
the fi lm. Film must be positioned so that the emulsion side is 
in contact with the slide.   

   14.    Automated processing: Place the fi lm into automatic processor. 
See the manual for your instrument. Manual processing: transfer 

ASSAY BUFFER
+ GDP +

[35S]GTPγS

ASSAY BUFFER

2nd INCUBATION

1st INCUBATION

3rd INCUBATION

NOT-STIMULATED
- CP-55,940

STIMULATED
+ CP-55,940

ASSAY BUFFER
+ GDP

  Fig. 1    Main steps of the GTPγS assay       
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the fi lm in developer for 4 min with moderate agitation. Repeat 
this procedure with fi xative and water. Dry the fi lm.   

   15.    Calibrate the software so that grey-level range is between 0 and 
255. Trace each cerebral area with the mouse cursor control, 
and calculate the signal intensity (in terms of grey levels) for 
each traced area. For each slide also calculate the grey level of 
its background. Signal intensity for each region is then calcu-
lated by subtracting the value of background from each mea-
sured region. This grey level will be established within the 
linear range, determined by using  35 S standards made in the 
laboratory (or  14 C standards). For each pair of slide (stimu-
lated/basal) calculate the percent of net stimulation as follows: 
(value of stimulated/value of basal) × 100.         
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    Chapter 11   

 Protocol to Study β-Arrestin Recruitment by CB 1  and CB 2  
Cannabinoid Receptors                     

     Marjolein     Soethoudt    ,     Noortje     van     Gils    ,     Mario     van der     Stelt    , 
and     Laura     H.     Heitman      

  Abstract 

   Cannabinoid CB 1  and CB 2  receptors are G-protein-coupled receptors (GPCRs) that recruit β-arrestins 
upon activation by (partial) agonists. β-Arrestin recruitment is induced by phosphorylation of their 
C-terminal tails, and is associated with the termination of GPCR signaling; yet, it may also activate cellular 
signaling pathways independent of G-proteins. Here, we describe a detailed protocol to characterize the 
potency and effi cacy of ligands to induce or inhibit β-arrestin recruitment to the human CB 1  and CB 2  
receptors, by using the PathHunter ®  assay. The latter is a cellular assay that can be performed in plates with 
384-wells. The PathHunter ®  assay makes use of β-galactosidase complementation, and has a chemilumi-
nescent readout. We used this assay to characterize a set of reference ligands (both agonists and antago-
nists) on human CB 1  and CB 2  receptors.  

  Key words     GPCRs  ,   Receptor signaling  ,   Internalization  ,   β-Arrestin  ,   DiscoveRx Pathunter ®   , 
  Cannabinoid receptors  ,   Biased signaling  ,   Functional selectivity  

1      Introduction 

    G-protein-coupled receptors (GPCRs) are responsible for the 
translation of extracellular signals into the intracellular environ-
ment, thereby modulating  secondary   signal transduction pathways, 
such as adenylate cyclase or phospholipase C. This enables the 
GPCR to control different cellular processes [ 1 ,  2 ]. Inactivation of 
GPCR signaling involves agonist-induced phosphorylation of the 
C-terminal tail of the receptor, followed by recruitment  of 
  β-arrestins [ 1 ].  The   binding of β-arrestins to the GPCR may lead 
to inactivation of the receptor, due to desensitization  and   internal-
ization, but may also result in G-protein-independent activation of 
signaling pathways, such as extracellular receptor kinases [ 3 ]. Some 
ligands activate multiple different signal transduction pathways 
with similar effi cacies, while others preferentially modulate only 
one specifi c pathway [ 4 ]. The latter is referred to as “   biased 
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signaling,”  or   functional selectivity [ 5 ]. It should be noted that 
 ligand- induced specifi city in intracellular signaling may offer new 
opportunities for drug discovery [ 6 ,  7 ]. 

 Cannabinoid CB 1  and CB 2  receptors are members of the 
GPCR superfamily and important therapeutic targets, due to their 
physiological role in the control of energy metabolism [ 8 ] and 
infl ammatory processes, respectively [ 9 ]. Both receptors couple to 
G i/o  proteins, inhibit cAMP formation, induce ERK phosphoryla-
tion, inhibit ion channels, and  recruit   β-arrestin. To characterize 
the potency and effi cacy of cannabinoid receptor ligands to recruit 
β-arrestins, we have employed the previously reported β-arrestin 
PathHunter ®  assay [ 12 ]. In this assay, β-arrestin activity is mea-
sured in live cells (DiscoveRx ®  Pathunter ®  cell lines) by using an 
 enzyme   complementation assay and a chemoluminescent readout 
(Fig.  1 ) [ 10 ]. The cell lines are overexpressing either the human 
CB 1  or CB 2  receptor, which are both tagged at the C-terminus by 
a ProLink™, i.e., a small fragment of β-galactosidase. Additionally, 
β-arrestin is fused to a catalytically inactive N-terminal deletion 
mutant of β-galactosidase, i.e., the enzyme acceptor (EA), which is 
stably co-expressed in the same cells [ 10 ,  11 ]. Activation of the 
CB 1  or CB 2  receptor stimulates binding of β-arrestin to the 
ProLink-tagged GPCR, which induces the complementation of 
the enzyme fragments ProLink™ and EA, and subsequently results 
in the formation of an active β-galactosidase enzyme [ 10 ,  12 ]. The 

  Fig. 1    Schematic representation of the β-arrestin recruitment assay. Upon activation of the receptor (1), the 
β-arrestin-EA complex is recruited to the receptor (2), which subsequently results in the complementation of 
the ProLink enzyme fragment with the free EA subunit to form an active β-galactosidase enzyme (3). The latter 
then reacts with the substrate in the PathHunter ®  detection reagent mixture (4), resulting in light emission that 
is proportional to the amount of β-arrestin recruited to the activated receptor (5). The complemented enzyme 
remains bound to the receptor, but this is not shown in the fi gure for the sake of clarity       
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latter is able to convert a substrate into a chemiluminescent prod-
uct [ 11 ,  13 ,  14 ]. The light emission by the product is directly 
related to the activity of the β-galactosidase, and hence to the level 
 of   β-arrestin recruited to the receptor  after   ligand binding [ 10 ]. 
We successfully applied this assay to measure β-arrestin recruitment 
for a variety of cannabinoid receptor ligands.

2       Materials 

 All buffers and solutions are prepared using Millipore water (deion-
ized using a MilliQ A10 Biocel™, with a 0.22 μm fi lter) and ana-
lytical grade reagents and solvents. Buffers are prepared at room 
temperature (RT) and stored at 4 °C, unless stated otherwise. 
Cannabinoid ligands were obtained from Hoffman-La Roche. 

       1.    Cells: PathHunter ®       CHO- K1   β-Arrestin Cell Line     CNR1 or 
CNR2 (DiscoveRx), overexpressing CB 1  or CB 2  receptor. In 
this chapter, these cells are named CHOK1hCB 1 _bgal or 
CHOK1hCB 2 _bgal, respectively.   

   2.    Phosphate-buffered saline (PBS: 1.9 mM KH 2 PO 4 , 136.9 mM 
NaCl, 8.0 mM Na 2 HPO 4 ·2H 2 O, 3.4 mM KCl).   

   3.    Trypsin solution (0.25 % in PBS, containing 0.44 mM EDTA).   
   4.    Ham’s F12 Nutrient Mixture (500 ml), supplemented with 

50 ml of fetal calf serum (FCS), 5 ml of 200 mM Glutamax, 
1 ml of 100 mg/ml P/S, 2 ml of 200 mg/ml G418, and 
750 μl of 200 mg/ml hygromycin. The antibiotic stock solu-
tions can be pre-made and stored at −20 °C. 

 Once the medium is made, store at 4 °C, but warm to 
37 °C before use.   

   5.    Ten cm ø culture dishes.      

       1.    Ligands to be tested are prepared as DMSO stock solutions 
prior to testing, with the exception of endocannabinoids 
(   anandamide and 2-arachidonoylglycerol). Since these are 
unstable in DMSO, stock solutions are prepared in acetoni-
trile. Stock solutions of most ligands are stable at −20 °C, but 
one should always be cautious with using stock solutions for 
longer periods of time. Product stability and purity should be 
checked regularly.   

   2.    Plates: Solid white-walled 384-well assay plates with  low   fl uo-
rescence background ( see   Note 1 ).   

   3.    To count cells prior to seeding onto plates, an automatic cell 
counter can be used, such as a TC10™ automated cell counter 
(Bio-Rad).      

2.1  Cell Culture

2.2  Assay

Protocol to Study β-Arrestin Recruitment by CB1 and CB2…
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       1.    Detection is done with the PathHunter detection kit ®  
(DiscoveRx). The detection mixture is prepared as follows ( see  
 Note 2 ): 19 parts of cell assay buffer, 5 parts of substrate 
reagent 1, and 1 part of substrate reagent 2, according to the 
manufacturer’s protocol [ 15 ].   

   2.    Measurement of the plates can be done by any multi-mode or 
luminescence plate reader, for example a Wallac EnVision™ 
2104 Multilabel reader (Perkin Elmer).   

   3.    Analysis of raw experimental data can be done by using the 
nonlinear regression curve fi tting program GraphPad Prism 
5.0 (GraphPad Software, Inc., San Diego, CA).       

3    Methods 

 All procedures should be carried out at RT, unless specifi ed 
otherwise. 

       1.    The CHOK1hCB 1 _bgal or CHOK1hCB 2 _ bgal   cells are cul-
tured in cell culture medium in a humidifi ed atmosphere at 
37 °C and 5 % CO 2 .   

   2.    Cells are subcultured twice a week at a ratio of 1:20 on 10 cm 
ø plates by trypsinization. For trypsinization, add 1 ml of tryp-
sin solution per dish and incubate for a maximum of 5 min at 
37 °C. After incubation add 4 ml of medium to each dish. The 
cells are distributed equally over four plates and diluted 20× 
with cell culture medium. Each subculture step is one 
passage.   

   3.    For the assay, cells should be passaged at least 3 times and no 
more than 24 times (max. 3 months in culture). Do not let the 
cells grow >90 % confl uent prior to harvesting for the assay.      

       1.       High-throughput screening can be performed using a single 
high fi nal concentration (often 10 μM) of  each   ligand. Instead, 
full dose-response curves of ligands are necessary for determi-
nation of their potency and effi cacy.   

   2.    Stock solutions of ligands under investigation are made in 
DMSO (or acetonitrile for endocannabinoids). These stock 
solutions should be diluted to the desired concentration in cell 
culture medium. Make sure that there is an equal amount of 
 organic   solvent (e.g., DMSO or acetonitrile) present in every 
dilution ( see   Note 3 ). For agonistic assays, compound dilu-
tions should be fi ve times the desired fi nal concentration, while 
for antagonistic assays (and the EC 80  of a reference agonist) the 
pre-made concentrations should be ten times the desired fi nal 
concentration.   

2.3  Detection 
and Analysis

3.1  Cell Culture

3.2  Ligands 
Under Investigation
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   3.    In all assays, also the  E  max  of a reference  full   agonist should be 
taken (e.g., CP55,940 at a fi nal concentration of 10 μM).      

         1.    Cells are harvested by adding 1 ml of Trypsol.   
   2.    Incubate for a maximum of 5 min at 37 °C and 5 % CO 2.    
   3.    Inactivate trypsin solution by addition of 4 ml of cell culture 

medium.   
   4.    Transfer to Falcon tube and spin down (5 min at 1000 ×  g ).   
   5.    Resuspend pellet in 1 ml of cell culture medium, and count 

living cells by adding 10 μl of cell suspension to 10 μl of trypan 
blue.   

   6.    Dilute the cells further with cell  culture medium,   to get a  den-
sity of 2.5  ×  10   5    cells/ml  (= 5000 cells / well ).   

   7.    Add 20 μl of cell suspension per well in the 384-well plate. Make 
sure that you fi ll enough wells for background measurements, i.e., 
3 wells containing only medium (negative control) and 3 wells 
containing unstimulated cells (basal activity). In case of antagonis-
tic assay, include also 3 wells containing cells stimulated by EC 80  
of the reference agonist (positive control that is used as  E  max ).   

   8.    Incubate cells overnight (between 16 and 18 h) at 37 °C and 
5 % CO 2 .      

   Antagonistic assay:

    1.    Dilute antagonists of interest into  cell   culture medium to 10× 
the desired fi nal concentration.   

   2.    Add 2.5 μl  of   antagonist solution per well.   
   3.    Incubate for 30 min at 37 °C and 5 % CO 2 .   
   4.    Add 2.5 μl of a 10× EC 80  solution of CP55,940, also to wells 

for background measurements (EC 80  of CP55,940 needs to be 
determined prior to the assay).   

   5.    Make sure that there is an equal amount of DMSO or acetoni-
trile in all wells (≤1 % per well), including those for background 
measurements.   

   6.    Incubate for 90 min at 37 °C and 5 % CO 2 .     

 Agonistic assay:

    1.    Dilute agonists of interest into cell culture medium to 5× the 
desired fi nal concentration.   

   2.    Add 5 μl of agonist solution per well.   
   3.    Make sure that there is an equal amount of DMSO or acetoni-

trile in all wells (≤1 % per well), including those for background 
measurements.   

   4.    Incubate for 90 min at 37 °C and 5 % CO 2 .      

3.3  PathHunter ®  
Assay Protocol

3.3.1  Plating Cells

3.3.2  Treatment of Cells 
and Incubation
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       1.    Add 12 μl of detection mixture to each well that contains cells, as 
well as to 3 empty wells to measure background luminescence.   

   2.    Incubate for 60 min  in the dark  at RT.   
   3.    Measurement of the chemiluminescence of the plate can be 

done by any multi-mode or luminescence plate reader ( see  
 Note 4 ).       

   Raw experimental data is analyzed by using the nonlinear regres-
sion curve fi tting program GraphPad Prism. Potency,    inhibitory 
potency, or effi cacy values (EC 50 , IC 50 , or  E  max , respectively) of 
ligands can be obtained by choosing the nonlinear regression 
option “log (   agonist  or   inhibitor) vs. response.” All data points are 
corrected for both background luminescence and negative control. 
The response of agonists in each sample is normalized to the effect 
of a reference agonist (e.g., 10 μM CP55,940), and the response 
of antagonists is normalized to the EC 80  of a reference agonist 
(e.g., CP55,940). Basal activity of the cells is set at 0 %.  

   We applied the protocol described here to characterize the well- known 
cannabinoid receptor reference ligands CP55,940, Rimonabant, 
SR144528, JWH133, and WIN55212-2 ( see  Fig.  2  and Table  1 ). Our 
fi ndings correlate well with literature data [ 6 ,  13 ,  16 ].

       The Pathunter ®  β-arrestin recruitment assay is easy to use and 
delivers reproducible results. In addition, its 384-well format 
enables high-throughput screening, a useful feature in early drug 
discovery research. We successfully applied this assay to character-
ize a set of cannabinoid receptor reference ligands, and would 
therefore recommend its use to other researchers in the fi eld.   

4    Notes 

     1.    Perkin Elmer’s white-walled 384-well assay plates are delivered 
in a sterile environment, and they should be kept that way by 
opening them only in an appropriate fl ow cabinet. Do not 
touch the plates at the bottom, because greasy fi ngerprints can 
give extra background and/or decrease reading effi ciency of 
the plate reader. Also make sure that there is no dust in the 
wells, because this will give extra background and will increase 
well- to- well variation.   

   2.    All PathHunter™ detection reagents should be aliquoted in 
Eppendorf tubes and stored at −20 °C upon receipt. Reagents 
can only be thawed and refrozen two times. When the reagents 

3.3.3  Detection 
and Measurements

3.4  Data Analysis

3.5  Results

3.6  Conclusions
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  Fig. 2    Dose-response curves of cannabinoid ligands on β-arrestin recruitment in PathHunter ®  CHOK1hCB 1 _
bgal or CHOK1hCB 2 _bgal cells. ( a  and  b ) Basal activity of the cells was set at 0 %, and the effi cacy was cal-
culated as a percentage of the maximum effect induced by 10 μM CP55,940 (set at 100 %). ( c ) Cells were 
pre-incubated with the EC 80  concentration of CP55,940 (25 nM or 46 nM for the CB 1  or CB 2  receptor, respec-
tively) for 30 min, and then they were treated with varying antagonist concentrations. The potency of antago-
nists was calculated as a percentage of the maximum effect induced by the EC 80  concentration of CP55,940 
(set at 100 %). The present results were obtained from three or four (with CP55,940) independent experiments, 
performed in duplicate       

   Table 1  
  Potency and effi cacy data of cannabinoid receptor ligands obtained with the PathHunter ®  β-arrestin 
recruitment assay   

 Agonists 

 hCB 2   hCB 1  

 pEC50 ± SEM   E  max  ± SEM  pEC50 ± SEM   E  max  ± SEM 

 WIN55212-2  7.95 ± 0.41  82 ± 8  6.80 ± 0.21  109 ± 7 

 CP55,940  8.54 ± 0.11  100 ± 1  8.25 ± 0.2  99 ± 1 

 JWH133  7.97 ± 0.16  73 ± 3  5.56 ± 0.05  33 ± 3 

 Antagonists  pIC50 ± SEM  Max inhibition ± SEM  pIC50 ± SEM  Max inhibition ± SEM 

 Rimonabant  5.36 ± 0.04  −89 ± 3  8.26 ± 0.04  −105 ± 1 

 SR144528  7.11 ± 0.18  −133 ± 5  5.56 ± 0.13  −82 ± 5 

  The values shown are obtained from three or four (CP55,940) independent experiments performed in duplicate  
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are used for the detection mixture, they are thawed to RT  in 
the dark , and then are mixed in the abovementioned ratio. 
Once the detection mixture is made, it is stable for 24 h at RT 
 in the dark .   

   3.    Stock solutions of ligands under investigation are made in 
DMSO or acetonitrile. Always make sure that there is an 
equal amount of organic solvent present in every dilution 
(≤1 %), in order to avoid disturbances due to the solvent. To 
obtain an equal concentration of organic solvent in every 
dilution, a dilution series in 100 % DMSO or acetonitrile 
should be made that is no less than 100× (agonist) or 200× 
(EC 80  reference agonist or antagonist) the desired fi nal con-
centration. Dilute this series accordingly in cell culture 
medium to 5× or 10× the desired fi nal concentration, depend-
ing on whether an agonistic or antagonistic assay is 
performed.   

   4.    The exposure time to read samples can depend on the instru-
ment used. For example, the settings for a Wallac EnVision™ 
2104 Multilabel reader should be:
   (a)    Instrument settings: EnVision Single emission, with single 

emission mirror block.   
  (b)    Filters:

 ●    Emission fi lter Luminescence 700.  
 ●   Mirror module Luminescence.      

  (c)    Install the emission fi lter in the Emission Filter Slides cor-
rectly. The fi lters must occupy  adjacent  slots in the 
Emission Filter Slide.   

  (d)    The mirror needs to be manually changed to the top posi-
tion within the machine, and selected in the software 
before use.   

  (e)    Allow the lamp to warm up for at least 10 min.   
  (f)    Use protocol LUM Single (1.0 s read).             
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    Chapter 12   

 Assay of NAT Activity                     

     Toru     Uyama     and     Natsuo     Ueda      

  Abstract 

   In animal tissues,  N -acyltransferase (NAT) catalyzes the fi rst reaction in the biosynthetic pathway of bioac-
tive  N -acylethanolamines, in which an acyl chain is transferred from the  sn -1 position of the donor phos-
pholipid, such as phosphatidylcholine, to the amino group of phosphatidylethanolamine, resulting in the 
formation of  N -acylphosphatidylethanolamine. NAT has long been known to be stimulated by Ca 2+ , and 
hence it has been referred to as Ca 2+ -dependent NAT. On the other hand, members of the phospholipase 
A/acyltransferase (PLA/AT) family (also known as HRAS-like suppressor family) show Ca 2+ -independent 
NAT activity. In this chapter, we describe (1) partial purifi cation of Ca 2+ -dependent NAT from rat brain, 
(2) purifi cation of recombinant PLA/AT-2, and (3) NAT assay using radiolabeled substrate.  

  Key words      N -acylphosphatidylethanolamine  ,   NAPE  ,    N -acyltransferase  ,   Ca-NAT  ,   COS-7 cell  , 
  HRASLS family  ,   PLA/AT family  ,   Rat brain  ,   Radioisotope  ,   Thin-layer chromatography  

1      Introduction 

   In   animal tissues,   bioactive    N -acylethanolamines are formed 
from glycerophospholipids   via    N -acylphosphatidylethanolamines 
(NAPEs), a unique class of glycerophospholipid species possessing 
three long fatty acyl chains per one molecule [ 1 ]. The formation of 
NAPE is catalyzed by  N -acyltransferase (NAT), which transfers an 
acyl chain from the  sn -1 position of the donor phospholipid, such 
as phosphatidylcholine (PC), to the amino group of phosphatidyl-
ethanolamine (PE) (Fig.  1 ).

       NAT has long been known, and exists in mammalian tissues 
such as brain and testis as a membrane-associated protein; it is stimu-
lated by Ca 2+  [ 2 – 4 ]. However, this enzyme has not been highly puri-
fi ed or cloned to date. In this chapter, we refer to this enzyme as 
Ca 2+ -dependent NAT (Ca-NAT). Alternatively, we found that 
HRASLS-5, a protein belonging to   the       HRAS-like suppressor 
(HRASLS) family, has a NAPE-forming NAT activity [ 5 ]. Later, we 
revealed that all members of this family (HRASLS1–5) show NAT 
activity as well   as   phospholipase A 1 /A 2  activity [ 1 ]. Based on these 
fi ndings, we proposed to call HRASLS1–5 as phospholipase A/acyl-
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transferase (PLA/AT)-1–5, respectively [ 6 ]. Largely different from 
Ca-NAT,         PLA/AT family proteins exist in both membrane and 
cytosol, and their NAT activity is not stimulated by Ca 2+  [ 5 – 9 ]. 

 In this chapter, we fi rst describe partial purifi cation of Ca-NAT 
  from   rat brain [ 5 ], as well as purifi cation of recombinant PLA/
AT-2,   a   PLA/AT family member exhibiting a relatively high NAT 
activity, from mammalian cells [ 10 ]. We then introduce our assay 
method to detect NAT activity with radioactive substrate. As an 
alternative method to detect NAPE produced by recombinant 
PLA/AT family proteins, we [ 10 ] and Golczak and colleagues 
[ 11 ]   reported   tandem mass spectrometry.  

2    Materials 

       1.    Pregnant Wistar/ST rats.   
   2.    HiTrap Q anion-  exchange   column (bed volume, 5 ml) (GE 

Healthcare, Piscataway, NJ, USA).   

2.1  Partial 
Purifi cation of Ca-NAT 
  from   Rat Brain
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   3.    Buffer A: 20 mM Tris–HCl (pH 7.4), 0.32 M sucrose.   
   4.    Buffer B-1: 20 mM Tris–HCl (pH 7.4), 0.5 % (w/v) Nonidet 

P-40.   
   5.    Buffer B-2: 20 mM Tris–HCl (pH 7.4), 0.5 % (w/v) Nonidet 

P-40, 100 mM NaCl.   
   6.    Buffer B-3: 20 mM Tris–HCl (pH 7.4), 0.5 % (w/v) Nonidet 

P-40, 200 mM NaCl.   
   7.    Buffer B-4: 20 mM Tris–HCl (pH 7.4), 0.5 % (w/v) Nonidet 

P-40, 500 mM NaCl.   
   8.    Protein assay dye reagent concentrate for Bradford protein 

assay (Bio-Rad, Hercules, CA, USA), and bovine serum albu-
min (BSA) as a standard.   

   9.    Motor-driven Polytron homogenizer with a stainless-steel gen-
erator shaft of 12 mm in diameter (Kinematica, Littau, 
Switzerland).   

   10.    Potter-type Tefl on-glass grinder.      

       1.        COS-7 cells.   
   2.    Culture medium for COS-7 cells: Dulbecco’s modifi ed Eagle 

medium (DMEM) with 10 % fetal calf serum and 0.1 mM 
nonessential amino acids.   

   3.    0.05 % Trypsin/0.02 % ethylenediaminetetraacetic acid (EDTA).   
   4.    Phosphate-buffered saline (PBS).   
   5.    Lipofectamine 2000.   
   6.    pEF6/Myc-His vector harboring C-terminally FLAG-tagged 

human PLA/AT-2 cDNA [ 9 ] ( see   Note 1 ).   
   7.    Branson Sonifi er model 250 equipped with a tapered microtip 

(end diameter of 1/8 in.) (Branson, Danbury, CT, USA).   
   8.    Buffer C: 20 mM Tris–HCl (pH 7.4).   
   9.    Buffer D: 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.05 % 

(w/v) Nonidet P-40.   
   10.    Anti-FLAG   M2   affi nity gel and FLAG peptide.      

       1.    1,2-[1′- 14 C]    dipalmitoyl-PC (45,000 cpm/2 μl in ethanol): 
Dilute 1,2-[1′- 14 C]dipalmitoyl-PC (toluene/ethanol (1:1) 
solution, 1.11–2.22 TBq/mmol, 37 MBq/ml) (PerkinElmer 
Life Science, Boston, MA, USA) with ethanol.   

   2.    4 mM 1,2-Dipalmitoyl-PC in chloroform/methanol (2:1, by 
vol.).   

   3.    7.5 mM 1,2-Dioleoyl-PE in chloroform/methanol (2:1, by vol.).   
   4.    50 mM Dithiothreitol.   
   5.    0.5 M Glycine-NaOH (pH 9.0).   

2.2  Purifi cation 
of Recombinant 
PLA/AT-2

2.3  Enzyme Assay
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   6.    10 % (w/v) Nonidet P-40.   
   7.    0.1 M CaCl 2 .   
   8.    Round-bottom 5 ml glass test tubes (12 mm diameter × 90 mm 

length).   
   9.    Nitrogen gas cylinder with a regulator.   
   10.    Water bath-type sonicator.   
   11.    Stop solution: Chloroform/methanol (2:1, by vol.).   
   12.    Calibrated 100 μl glass micropipets and a rubber aspirator tube 

(Drummond Scientifi c, Broomall, PA, USA) ( see   Note 2 ).   
   13.    Conventional hair dryer held by a clamp and a stand.   
   14.    Precoated silica gel 60 F 254  aluminum sheet   for   thin-layer chroma-

tography (TLC) (20 × 20 cm, 0.2 mm thickness): Cut it into equal 
halves (20 × 10 cm each) by scissors or a guillotine paper cutter.   

   15.    TLC solvent: Chloroform/methanol/28 % ammonium 
hydroxide (80:20:2, by vol.). Mix 400 ml of chloroform, 
100 ml of methanol, and 10 ml of 28 % ammonium hydroxide 
in a 500 ml glass bottle, and shake it well. Store at 4 °C.   

   16.    Rectangular   glass   TLC tank (inside dimension: 235 × 105 × 210 mm) 
with a glass lid: Attach Whatman 3MM fi lter paper to the inner 
wall and pour the TLC solvent (120–150 ml) into the tank ( see  
 Note 3 ). Place the tank in cold room (4 °C).   

   17.        Imaging analyzer FLA-7000 with an Imaging Plate (20 × 40 cm) 
and a cassette (Fujifi lm, Tokyo, Japan).       

3    Methods 

        1.    Keep pregnant Wistar/ST rats in   an   animal facility and obtain 
their infants ( see   Note 4 ).   

   2.    Anesthetize 2-day-old infants, and sacrifi ce them by decapitation. 
Isolate the brains from infants, and wash them with ice- cold PBS 
( see   Note 5 ). Weigh the brains in a glass beaker ( see   Note 6 ).   

   3.    Keeping the glass beaker on ice, mince the brains with scis-
sors, and add fi ve times volume (ml/g of tissue weight) of 
ice-cold Buffer A.   

   4.    Homogenize the tissues using a Polytron homogenizer at set-
ting 7 in an ice-water bath three times for 20 s each ( see   Note 7 ).   

   5.    Centrifuge homogenates at 800 ×  g  for 15 min at 4 °C, and 
further centrifuge the resultant supernatant at 105,000 ×  g  for 
55 min at 4 °C.   

   6.    Transfer the pellet (membrane fraction) to a precooled cham-
ber of a Tefl on-glass grinder with a spatula. Add twice a vol-
ume (ml/g of tissue weight) of ice-cold Buffer A to the 

3.1  Partial 
Purifi cation of Ca-NAT 
  from   Rat Brain
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chamber in the ice-water bath, and suspend the pellet with the 
aid of the grinder.   

   7.    Transfer the prepared membrane fraction to a polypropylene 
tube and freeze it in a −80 °C freezer. After thawing the mem-
brane fraction, perform another centrifugation at 105,000 ×  g  
for 55 min at 4 °C.   

   8.    To solubilize Ca-NAT with the nonionic detergent Nonidet 
P-40, resuspend the pellet in Buffer B-1 with a Potter-type 
Tefl on-glass grinder as described in  step 6 , and centrifuge it 
again at 105,000 ×  g  for 55 min at 4 °C.   

   9.    The resultant clear supernatant contains the solubilized Ca- 
NAT. Determine the protein concentration, according to the 
manufacturer’s instructions for protein assay dye reagent con-
centrate for Bradford protein assay. Use 0.25–6 μg of BSA in 
250 μl volume of reactions to plot a standard curve. Freeze the 
supernatant at −80 °C until use.   

   10.    Equilibrate a HiTrap Q anion-exchange column with at least 
15 ml of Buffer B-1 ( see   Note 8 ).   

   11.    Slowly thaw the solubilized Ca-NAT (50 mg of protein), which 
was frozen in  step 9 , and load it onto the pre- equilibrated 
HiTrap Q anion-exchange column.   

   12.    Wash the column with 15 ml of Buffer B-2, followed by 20 ml 
of Buffer B-3.   

   13.    Elute Ca-NAT with 6 ml of Buffer B-4. Use this eluate as par-
tially purifi ed Ca-NAT.   

   14.    Determine protein concentration as described in  step 9 . Store 
at −80 °C until use.      

       1.      Culture   COS-7 cells at 37 °C to 90 % confl uency in three 
150 mm dishes, containing DMEM with 10 % fetal calf serum 
in a humidifi ed 5 % CO 2  and 95 % air incubator ( see   Note 9 ).   

   2.    Introduce 25 μg/dish of the expression vector pEF6/Myc-His 
harboring cDNA of C-terminally FLAG-tagged human PLA/
AT-2 into COS-7 cells, using 75 μl/dish of Lipofectamine 
2000 according to the manufacturer’s instructions and culture 
the cells for 48 h ( see   Note 10 ).   

   3.    Treat the cells with 0.05 % trypsin/0.02 % EDTA for 2 min and 
harvest the suspended cells from three dishes into a 50 ml poly-
propylene tube. Centrifuge the cell suspension to collect cells at 
4 °C. Wash the cells with 10 ml of ice-cold PBS and centrifuge 
at 4 °C. Perform this step again with a total of two washings.   

   4.    Suspend the cell pellet with 4 ml of Buffer C in the same tube 
and sonicate the cells using a Branson Sonifi er at the amplitude 
3 three times for 3 s each. Add 20 μl of 10 % Nonidet P-40 to 
the resultant cell homogenate. Centrifuge the cell homogenate 

3.2  Purifi cation 
of Recombinant 
PLA/AT-2
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at 105,000 × g for 55 min at 4 °C. Use the supernatant as the 
cytosolic fraction ( see   Note 11 ).   

   5.    To pre-equilibrate anti-FLAG   M2   affi nity gel, add 4 ml of 
Buffer D and 1 ml of the gel (50 % slurry) in a 5 ml polypropyl-
ene tube. Centrifuge the gel at 3000 ×  g  for 5 min at 4 °C. Discard 
the supernatant, add 5 ml of Buffer D to the tube, suspend the 
gel by gentle mixing, and centrifuge it under the same condi-
tions. Perform this washing step by centrifuging three times.   

   6.    Add   the   cytosolic fraction (about 4 ml) to the tube containing 
0.5 ml of anti-FLAG M2 affi nity gel pre-equilibrated with Buffer 
D, and incubate it overnight at 4 °C under gentle mixing.   

   7.    Pack the gel into a column with a fi lter disc and wash it three 
times each with 12 ml of Buffer D.   

   8.    Elute the FLAG-tagged PLA/AT-2 protein with Buffer D con-
taining 0.1 mg/ml of FLAG peptide. Collect every 0.5 ml frac-
tion. Use active fractions as purifi ed PLA/AT-2 ( see   Note 12 ).   

   9.    Determine protein concentration of active fractions as 
described in Subheading  3.1 ,  step 9.  Store at −80 °C until use.      

       1.    The reaction   mixture   necessary for one assay (80 μl) can be 
prepared with 10 μl of 0.5 M glycine-NaOH (pH 9.0), 4 μl of 
50 mM dithiothreitol, 0.5 μl of 10 % Nonidet P-40, and 65.5 μl 
of water ( see   Note 13 ). When Ca-NAT is used as NAT, 5 μl of 
0.1 M CaCl 2  is also included and the same amount of water is 
reduced, so that the reaction mixture remains 80 μl. Prepare 
the required amount of this reaction mixture in a glass tube, 
according to total number of samples to be assayed at a time.   

   2.    The substrate mixture necessary for one assay can be prepared 
with 1 μl of 4 mM 1,2-dipalmitoyl-PC, 1 μl of 7.5 mM 1,2-dio-
leoyl-PE and 2 μl of 1,2-[1′- 14 C]dipalmitoyl-PC (45,000 cpm/2 μl 
in ethanol) ( see   Note 14 ). According to the total number of sam-
ples to be assayed at a time, prepare the required amount of this 
substrate mixture in a 5 ml glass test tube, and evaporate it to 
dryness under the stream of nitrogen gas ( see   Note 15 ).   

   3.    Transfer the reaction mixture prepared in  step 1  into this glass 
tube. Sonicate the solution for 20 s in a water bath-type soni-
cator and vigorously mix it by vortex. Perform this sonication 
and mix three times in total.   

   4.    Dispense 80 μl of the mixture to each glass test tube.   
   5.    Start the enzymatic reaction by adding 20 μl of the enzyme 

source (Ca-NAT, 23 μg protein or PLA/AT-2, 0.15 μg pro-
tein) to the tube and vortex it briefl y ( see   Note 16 ). Allow the 
enzymatic reaction to proceed for 30 min by incubating the 
tube at 37 °C in the water bath.   

3.3  Enzyme Assay
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   6.    Terminate the reaction by adding 320 μl of stop solution ( see  
 Note 16 ). Mix it vigorously by vortex.   

   7.    Centrifuge the tube at 2000 ×  g  for 5 min at 4 °C.   
   8.    Draw an 18 cm horizontal line at 2 cm apart from the bottom 

edge on an   aluminum   TLC sheet by a soft pencil, leaving 1 cm 
blanks at both side edges. Draw short vertical lines at 1.5 cm inter-
val across the horizontal line to form 12 lanes per sheet (Fig.  2a ).

       9.    Spot 100 μl of the lower chloroform layer on each lane along the 
horizontal line ( see   Note 17 ). Use glass micropipet, which is con-
nected to a rubber aspirator tube, under airfl ow by a hair dryer 
( see   Note 18 ). After spotting all the samples, leave the plate under 
airfl ow for a few minutes to evaporate the solvent completely.   

   10.    Immerse the lower edge (<2 cm) of   the   TLC sheet in TLC 
solvent placed in the tank. Develop the sheet at 4 °C for 
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  Fig 2    Marking of TLC plate ( a ) and an example of thin-layer chromatograms ( b ) 
in NAT assay using the purifi ed human PLA/AT-2.  NPPE N -palmitoyl-PE       
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20 min. Take the sheet out of the tank, and completely dry it 
up under airfl ow ( see   Note 18 ).   

   11.    Wrap the TLC sheet with a plastic fi lm, and expose an imaging 
plate to the wrapped plate in a cassette for 6–18 h.   

   12.    Scan the plate by   an   imaging analyzer FLA-7000 to see the 
distribution of the radioactivity (Fig.  2b ) ( see   Note 19 ). 
Quantify total radioactivity ( a ) on the lane (radioactivity in the 
dashed box in Fig.  2b ) and radioactivity of the produced  N -[1′-
 14 C]palmitoyl-PE ( b ) (radioactivity in the solid box), and calcu-
late the conversion rate ( c  =  b / a ), as well as the background 
value obtained with an enzyme-free sample ( c ′ =  b ′/ a ′). Since 
one PC molecule used as a substrate contains two atoms of  14 C 
at positions 1′ of  sn -1 and  sn -2 palmitoyl chains, and since   the 
  produced  N -[1′- 14 C]palmitoyl-PE and [ 14 C]lyso PC contain 
one  14 C atom per molecule, respectively (Fig.  1 ), the increase in 
radioactivity of  N -[ 14 C]palmitoyl-PE during the reaction is half 
of the decrease in radioactivity of [ 14 C]PC. Thus, the conver-
sion rate ( c  and  c ′) should be doubled, and the NAPE-forming 
NAT activity is expressed as 4 × 2 × ( c  −  c ′)/30 (nmol/min).       

4    Notes 

     1.    The purifi cation procedure utilizing the FLAG tag can also be 
applied for recombinant proteins of   other   PLA/AT family 
members [ 5 – 9 ].   

   2.    The rubber aspirator tube is supplied as an accessory of the 
glass micropipets.   

   3.    At least 1–2 h is necessary to saturate the TLC tank with solvent 
vapors. In order to minimize evaporation of the solvent and change 
in its composition, put a 1 kg weight on the lid of the tank.   

   4.    Follow institutional guidelines for care and use of animals.   
   5.        NAT activity   in   rat brain decreases age dependently [ 12 ].   
   6.    Brains from twenty 2-day-old infants are around 6.5 g in weight. 

The capacity of the glass beaker should be 2–3 times larger than 
the volume of the homogenization buffer added in  step 3 .   

   7.    To prevent temperature rising, take a pause (at least 30 s) 
between each homogenization or sonication with gentle mix-
ing in the ice-water bath.   

   8.    To load buffer solution and the solubilized Ca-NAT onto the 
column, use a disposable syringe or a peristaltic pump.   

   9.    The cells may be maintained in the presence of 100 U/ml peni-
cillin and 0.1 mg/ml streptomycin. However, these antibiotics 
should be removed before starting lipofection in  step 2 .   

   10.    The medium may be replaced with fresh medium without 
Lipofectamine 2000 at 24 h   from   transfection.   

Toru Uyama and Natsuo Ueda
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   11.    The pellet obtained by ultracentrifugation also contains recombi-
nant PLA/AT-2 protein to a certain extent. This pellet can be 
suspended in Buffer C by   being   passed through a 25-gauge syringe 
and used for enzyme assay as membrane- bound PLA/AT-2.   

   12.    FLAG-tagged recombinant protein is usually eluted in 
Fractions No. 2–4. Purity and abundance of the recombinant 
protein can be confi rmed by SDS-polyacrylamide gel electro-
phoresis, followed by Coomassie Brilliant Blue staining. 
Western blotting can also be carried out with anti-FLAG 
  monoclonal   antibody M2.   

   13.    The fi nal concentrations of each component are as follows: 50 mM 
glycine-NaOH (pH 9.0), 2 mM DTT, and 0.05 % Nonidet P-40. 
For Ca-NAT assay, 5 mM CaCl 2  is also contained.   

   14.    The fi nal concentrations of each substrate are as follows: 40 μM 
1,2-dipalmitoyl-PC and 75 μM 1,2-dioleoyl-PE. The amount 
of 1,2-[ 14 C]dipalmitoyl-PC is about 0.025 % of non- 
radiolabeled 1,2-dipalmitoyl-PC and is negligible.   

   15.    Connect a Pasteur pipette to a regulator of a nitrogen gas cyl-
inder via a silicon tube and carefully evaporate organic solvent 
under the stream of nitrogen gas.   

   16.    For multiple samples, each reaction should be started every 15 
or 20 s by adding the enzyme source and terminated at the 
same time interval by the stop solution.   

   17.    Synthetic [ 14 C]NAPE may be used as the authentic positive 
standard for TLC.  N -[ 14 C]palmitoyl-PE is prepared from 
[1- 14 C]palmitic acid and 1,2-dioleoyl-PE essentially according 
to the method by Schmid and colleagues [ 13 ]. Briefl y, dilute 
50 μCi (5 × 10 6  cpm) of [l- 14 C]palmitic acid with unlabeled 
palmitic acid (1.3 mg, 5.0 μmol) to a specifi c activity of 
1.0 × 10 3  cpm/nmol and allow it to react with 4.9 μmol of 
carbonyldiimidazole in 1 ml of dry benzene at 40 °C for 4 h. 
Then, add a 50 % molar excess of 1,2-dioleoyl-PE in 0.5 ml of 
benzene, along with 1 mg of  N , N -dimethyl-4-aminopyridine 
and 0.1 ml of pyridine. After overnight incubation at 40 °C, 
evaporate the solvent of the mixture under a stream of nitro-
gen gas, and purify the resultant  N -[ 14 C]palmitoyl-PE by TLC 
on a precoated silica gel 60 F 254  glass plate (20 × 20 cm, 0.2 mm 
thickness) with a mixture of chloroform/methanol/28 % 
ammonium hydroxide (80:20:2, by vol.).   

   18.    Use normal-temperature airfl ow from a hair dryer held by a 
clamp and a stand. Hot airfl ow should be avoided.   

   19.    Since PLA/AT-2 also   shows   phospholipase A 1 /A 2  activity 
toward [ 14 C]PC, some [ 14 C]free palmitic acid is concomitantly 
produced. We can separate NAT activity from phospholipase 
A 1 /A 2  activity because we calculate NAT activity based on 
radioactivity of the produced  N -[1′- 14 C]palmitoyl-PE.         

NAT Assay
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    Chapter 13   

 Assay of NAPE-PLD Activity                     

     Filomena     Fezza     ,     Nicolina     Mastrangelo    , and     Mauro     Maccarrone     

  Abstract 

    N -acyl-phosphatidylethanolamine (NAPE)-hydrolyzing phospholipase D (NAPE-PLD) is a prominent 
enzyme involved in the biosynthesis of fatty acid amides (FAAs), a family of bioactive lipids including 
anandamide (AEA) as the prototypical member. Here, we describe a NAPE-PLD assay based on radioac-
tive substrates and product separation by thin-layer chromatography (TLC).  

  Key words      N -acyl-phosphatidylethanolamine-hydrolyzing phospholipase D  ,   Fatty acid amides  , 
  Anandamide  ,    N -palmitoylethanolamine  ,    N -acyl-phosphatidylethanolamines  ,   Thin-layer chromatog-
raphy  ,   Radioactive assay  

1       Introduction 

  N -acyl-phosphatidylethanolamine (NAPE)-hydrolyzing phospholi-
pase D (NAPE-PLD; EC 3.1.4.4) belongs to the zinc metallo-β-
lactamase protein fold family,    has no homology with the classical 
PLDs, and is highly conserved from rodents (396 amino acids) to 
human (393 amino acids) [ 1 ]. It is responsible for the release  of   fatty 
acid amides (FAAs, also  called    N -acylethanolamines) from membrane 
phospholipids, and therefore its activity is very important in deter-
mining the in vivo concentrations of these  important   bioactive lipids. 
    N -acyl-phosphatidylethanolamines (NAPE) represent the natural 
substrates  of   NAPE-PLD, so that the C20:4-NAPE (called NArPE) 
is the precursor of  N -arachidonoylethanolamine (   anandamide, AEA). 

 Changes in FAA levels have been documented under different 
physiological and pathological conditions [ 2 ]; thus it appears of 
paramount importance to better understand the contribution of 
NAPE-PLD activity to the regulation of the endogenous tone of 
these compounds (in particular of AEA). 

 The activity  of   NAPE-PLD is not so easy to measure, because 
it requires a radiochromatographic approach based on reversed- 
phase high-performance liquid chromatography (HPLC) coupled 
to online scintillation counting [ 3 ]. 
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 Here, we report a simple method that works well with both 
tissues and cell lines, and that is based on a radiolabeled NAPE. The 
latter leads to the release of radiolabeled FAA upon incubation 
with a biological extract that contains NAPE-PLD (Fig.  1 ). To 
separate the reaction products, we use a simple TLC that allows 
separation and quantitative determination of many samples at 
once.

2        Materials 

 Prepare all buffers and solutions by using ultrapure water and ana-
lytical grade reagents. Prepare and store all reagents at −20 °C 
(unless indicated otherwise). 

       1.    Phosphatidylethanolamine,  N -arachidonyl [arachidonyl- 
5,6,8,9,11,12,14,15- 3 H( N )] ([ 3 H]-NArPE) (ARC, American 
Radiolabeled Chemicals, Inc, Saint Louis, MO, USA).   

   2.     N -palmitoyl [1- 14 C]  phosphatidyl   ethanolamine ([ 14 C]-NPPE) 
(ARC, American Radiolabeled Chemicals, Inc, Saint Louis, 
MO, USA).      

       1.    Buffer 1: Phosphate-buffered saline (PBS), 0.32 M sucrose. 
Make it fresh as required.   

   2.    Buffer 2: 50 mM Tris–HCl, 0.1 % Triton, pH 7.4.   
   3.    Chloroform/methanol (2:1, vol/vol).   
   4.    Mobile phase: Methanol/chloroform/NH 4 OH (85:15:1, 

vol/vol/vol).   
   5.    Bromothymol blue solution (BBS): 0.1 % Bromothymol blue 

in 10 % aqueous ethanol, made just alkaline with NH 4 OH 
( see   Note 1 ).   

   6.        N -arachidonoyl-phosphatidylethanolamine (NArPE) ( see   Note 2 ).   
   7.          N -palmitoyl-phosphatidylethanolamine     (NPPE) ( see   Note 2 ).   
   8.       Anandamide (AEA) ( see   Note 2 ).   

2.1  Radiolabeled 
Components

2.2  Unlabeled 
Components

  Fig. 1       NAPE-PLD activity using [ 3 H]-NArPE as a substrate       
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   9.        N -palmitoylethanolamine (PEA) ( see   Note 2 ).   
   10.    URB597 (   inhibitor of AEA-hydrolyzing  enzyme   fatty  acid 

  amide hydrolase).   
   11.       Iodine ( see   Note 3 ).   
   12.       Liquid scintillation cocktail (Ultima Gold™ XR).      

       1.       Aluminum   TLC plates     (20 × 20).   
   2.    2 mL Eppendorf microtubes.   
   3.    TLC developing chamber.   
   4.       Iodine vapor chamber.   
   5.    Tefl on-glass homogenizer.   
   6.    Vortex mixer.   
   7.    UltraTurrax T25.   
   8.    Vacuum concentrator.   
   9.    Centrifuge.   
   10.    Thermoblock or water bath (37 °C).   
   11.      Scintillation vials     (20 mL).   
   12.    Liquid scintillation β-counter (LCS).       

3     Methods 

 All procedures need to be performed on ice, and all solutions 
should be prepared fresh just before processing biological 
samples. 

   To prepare the substrate solution, it is necessary to add unlabeled 
(cold) NArPE or NPPE ( see   Note 4 ) to [ 3 H]-NArPE or 
[ 14 C]-NPPE, respectively, in order to bring the molar concentra-
tion up to the needed value ( see   Note 5 ). The fi nal concentration 
is 100 μM/0.045 μCi (or 100,000 dpm, disintegrations per min; 
1 μCi = 2.22 × 10 6  dpm) for each experimental point ( see   Note 5 ).  

       1.    Homogenize tissue (fresh weight/volume ratio = 1/10, g/mL) 
( see   Note 6 ) or cell samples (30 × 10 6  cells/mL) with a glass/
Tefl on Potter homogenizer in buffer 1, precooled at 4 °C 
( see   Note 7 ).   

   2.    Centrifuge the homogenate at 1000 ×  g  and 4 °C for 5 min.   
   3.    Collect supernatant and determine protein concentration with 

any commercially available assay (i.e., Bradford colorimetric 
assay).      

   NAPE-PLD  assay can   be performed by using [ 3 H]-NArPE or 
[ 14 C]-NPPE as substrate,    and by separating the corresponding 

2.3   Equipment

3.1  Substrate 
Preparation

3.2  Preparation 
of Tissue and Cell 
Samples

3.3   Enzyme Assay

NAPE-PLD Assay
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products (AEA or PEA, respectively) under the same experimental 
conditions.

    1.    In 2 mL microtubes ( see   Note 8 ), preincubate for 10 min tissue 
or cell homogenates ( see   Note 9 ) with 0.1 nM URB597 ( see  
 Note 10 ), in a fi nal volume of 200 μL of pre-warmed buffer 2.   

   2.    Add [ 3 H]-NArPE or [ 14 C]-NPPE (each at the fi nal concentra-
tion of 100 μM), to start the reaction.   

   3.    Incubate for 30 min at 37 °C.   
   4.    Stop the reaction by adding 600 μL of ice-cold chloroform/

methanol, and shake.   
   5.    Centrifuge the mixture at 3000 ×  g  for 5 min ( see   Note 11 ).   
   6.    Remove the upper aqueous layer by suction, and dry the lower 

organic phase ( see   Note 12 ).    

         1.    Put 100 mL of mobile phase in TLC developing chamber 
( see   Note 13 ).   

   2.    Draw  the   TLC ( see   Note 14  and Fig.  2a ).
       3.    Load standards (AEA and NArPE, or PEA and NPPE), at the 

origin of the TLC ( see   Note 15  and Fig.  2a ).   
   4.    Dissolve the dried lipids into 30 μL of chloroform/methanol, 

shake, centrifuge, and load on the TLC to the corresponding 
line (Fig.  2a ).   

   5.    Repeat  step 4  with additional 25 μL of chloroform/methanol.   
   6.    Wait until the solvent is dried out, and put the TLC in the 

developing chamber.   
   7.    Remove  the   TLC from the chamber when the solvent reaches 

approximately 1 cm below the top (Fig.  2b ), and immediately 
draw with a pencil a line across the solvent front.   

   8.    Once dried out, develop  the   TLC with BBS ( see   Note 16 ), and 
immediately circle the standards with a pencil (Fig.  2b ).   

   9.    Draw and cut out the TLC ( see   Note 17  and Fig.  2c ).   
   10.    Place the clippings in the corresponding scintillation vials, and 

add 3 mL of methanol and 15 mL of scintillation cocktail 
( see   Note 18 ).   

   11.     Measure   radioactivity in a liquid scintillation counter ( see   Note 19 ).       

4     Notes 

     1.    BBS is a stain used for the detection of lipids and phospholip-
ids. When sprayed on the dried plate, (phospho)lipids give 
blue- green colors.   

   2.    To make stock solutions (10 mM AEA, 2 mM NArPE, and 
5 mM NPPE), aliquot them (10–50 μL) and store at −20 °C.   

3.4   TLC
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   3.       Iodine vapor is a universal and (relatively) unspecifi c reagent 
for many organic compounds. Put some crystals of iodine into 
the chamber, and then place the developed, dried chromato-
gram in iodine vapor. Spots will turn tan-brown in color.   

   4.    To  evaluate   NAPE-PLD activity, it is possible to use  either 
  NArPE or NPPE as substrates, but in tissues or cell lines that 
express low amounts of enzyme it is better to use the latter 
compound. Indeed, NAPE-PLD prefers  N -palmitoyl over 
 N -arachidonoyl moiety as a substrate [ 5 ].   

   5.    The “appropriate” concentration should be obtained from 
  Michaelis–Menten kinetics    . In our procedure, 100 μM NArPE 
(or NAPPE) works well [ 1 ,  5 ]. It should be stressed that radio-
active compounds usually have high specifi c activity, and yet 
they are at very low concentration. Since, for enzymatic assay, 
higher substrate concentrations are required, it is necessary to 
add “cold” compound to prepare an appropriate substrate solu-
tion. Therefore, in order to obtain 100  μM   NArPE (or NPPE) 
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  Fig. 2    Scheme of TLC preparation ( a ), standards and samples loading at baseline ( b ), TLC after the run and Rf 
corresponding to NAPE and FAA standards ( c )       
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in 0.2 mL, 0.02 μmol NArPE (or NPPE) is needed for each 
experimental point. Of course, addition of cold compound will 
change the specifi c activity; therefore, the specifi c activity of 
substrate solution has to be recalculated. To estimate the cor-
rected specifi c activity, you have to make a ratio between the 
total amount of radioactive compound and the total amount of 
cold compound added in solution. An example of the calcula-
tion of [ 3 H]-NArPE molar concentration follows.     
 Radioactive concentration (r.c.): 1 Ci/L (indicated by the 

supplier). 
    Specifi c activity (s.a.): 200 Ci/mmol (indicated by the supplier). 
 [ 3 H-NArPE] = r.c./s.a. = 1 Ci/L/200 Ci/mmol = 0.005 mM. 
 An example of substrate solution preparation for ten experi-

mental points follows. 
 Total volume of substrate solution: 2.5 µL × 10 = 25 µL − vol-

ume of cold and radiolabeled substrate. 
 Total amount of NArPE moles: 0.02 × 10 = 0.2 μmol. 
 Total amount of radiolabeled [ 3 H]-NArPE: 0.045 × 10 = 0.45 μCi. 
 Calculation of specifi c activity of the substrate solution: 

0.45 μCi/0.2 μmol = 2.25 μCi/μmol.
    6.    With tissues and other fi brous materials, it is more appropriate 

to use UltraTurrax T 25 to facilitate homogenization before 
using the glass/Tefl on Potter homogenizer. An alternative 
procedure to prepare cell homogenates is via a Vibracell soni-
fi er, which provides three cycles of sonication for 10 s each, 
interspersed by 10s breaks.   

   7.    The best results are obtained with fresh cells and tissues.   
   8.    Prepare also 2 mL microtubes with the same buffer used for 

the samples, but without proteins (blank). Prepare a suitable 
number of blanks, based on the number of TLC that you have 
to load.   

   9.    For unknown biological samples it is appropriate to conduct a 
dose-response curve. The effect of protein content  on   NAPE- 
PLD assay in mouse brain is shown in Fig.  3 .

       10.    URB597 is an inhibitor of  fatty acid amide hydrolase (FAAH), 
a major   FAAs-hydrolyzing enzyme [ 4 ]. Addition of this com-
pound is important to prevent hydrolysis of FAAs generated by 
NAPE-PLD.   

   11.    The centrifuge must be programmed in order to exclude the 
brake.   

   12.    Use a vacuum concentrator for 30 min at 37 °C, or a nitrogen 
fl ow.   

   13.    The chamber should contain enough solvent to simply cover 
the bottom.   
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   14.    Use a pencil (never use a pen!), and leave at least 2 cm from the 
bottom and side edges.   

   15.    Make sure that a suffi cient amount of standard is spotted on 
the plate (20–40 nmol for each compound).   

   16.    For NArPE and AEA, but not for NPPE and PEA, an alterna-
tive way for visualization can be the use of iodine vapor.   

   17.    Count only the boxes that correspond to FAA spots (squares 
in gray in Fig.  2c ).   

   18.    The optimal methanol/scintillation cocktail ratio depends on 
the characteristics of the scintillation liquid (i.e., ULTIMA 
Gold XR is  a   liquid scintillation cocktail with very high sample 
load capacity and an extended range of sample holding capac-
ity, up to 50 %).   

   19.    To convert cpm (counts per min) into dpm, you need to know 
the effi ciency of your β-counter for the  given   radioisotope 
([ 3 H] or [ 14 C]), subtract the average of the blanks from each 
sample and transform dpm to moles based on  the   substrate- 
specifi c activity. To calculate NAPE-PLD-specifi c activity, 
divide the moles of product by the reaction time (min) and the 
protein content of the reaction mixture (mg of protein), as 
moles/(min × mg of protein).     
 Example: 

 dpm obtained − dpm average blanks: 
3000 dpm = 9.09 × 10 −4  μCi (1 μCi = 2.22 × 10 6  dpm). 

 μmol formed: 9.09 × 10 −4  μCi/2.25 μCi/
μmol = 4.04 × 10 −4  μmol. 

 NAPE-PLD-specifi c activity = 4.04 × 10 −4  μmol/30 min × 0.1 
mg = 1.34 × 10 −4  μmol/(min × mg of protein).     

  Fig. 3    Dependence of NAPE-PLD activity on mouse brain protein concentration       
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    Chapter 14   

 Assay of FAAH Activity                     

     Monica     Bari     ,     Monica     Feole    , and     Mauro     Maccarrone     

  Abstract 

   Fatty acid amide hydrolase (FAAH) is an intracellular enzyme responsible for the hydrolysis of endogenous 
anandamide (AEA), a reaction that terminates the biological effects of this lipid mediator. The fi nal prod-
ucts of this reaction are arachidonic acid and ethanolamine. In the method described herein, FAAH activ-
ity is measured through the use of a radioactive substrate by quantifi cation of reaction products, that is, 
[ 14 C]-ethanolamine from [ 14 C-ethanolamine]-AEA.  

  Key words     Arachidonic acid  ,   AEA  ,   Bioactive lipids  ,   Ethanolamine  ,   Endocannabinoids  ,   Enzyme  , 
  FAAH  

1      Introduction 

 In vivo levels of AEA are  regulated   by a tight balance between bio-
synthetic and degradative enzymes, and FAAH (E.C.3.5.1.4) plays 
a pivotal role in this fi ne regulation [ 1 – 5 ]. Indeed, FAAH termi-
nates AEA signaling by a hydrolytic reaction which  generates   ara-
chidonic acid (AA)  and    ethanolamine (Fig.  1 ), and represents a 
promising target to treat several pathological conditions [ 6 ,  7 ].

   The study of FAAH activity is relevant to better understand 
how cells or tissues can terminate AEA signaling upon different 
stimuli [ 8 ,  9 ]. Here, we describe a method based on radiolabeled 
AEA and aimed at quantifying the time-dependent formation of 
the radiolabeled product of reaction, ethanolamine. At variance 
with previous radiometric protocols [ 10 ,  11 ], we use a substrate 
labeled on the ethanolamine moiety [ 12 ] that makes the assay sim-
pler and less expensive. The present method is suitable for cells and 
tissues of different types and origins.  
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2    Materials 

   All reagents must be of the purest analytical grade. 

    1.    Lysis buffer: 50 mM Tris-HCl, 1 mM ethylenediamine tet-
raacetic acid (EDTA), pH 7.4.   

   2.    Reaction buffer: 50 mM Tris–HCl, pH 9.0 ( see   Note 1 ).   
   3.    Methanol/chloroform (2:1, vol/vol).   
   4.    “Cold”    anandamide.   
   5.    “Hot” [ 14 C-ethanolamine]-AEA ( see   Note 2 ).      

       1.       Tefl on-glass homogenizer.   
   2.    Ultra Turrax T25.   
   3.    Vortex.   
   4.    Centrifuge for Eppendorf tubes.   
   5.    Spectrophotometer.   
   6.    Cuvettes.   
   7.    Thermoblock.   
   8.    Scintillation vials (6 mL volume).   
   9.       Liquid scintillation cocktail (Ultima Gold XR).   
   10.    Liquid scintillation β-counter.       

2.1  Chemicals

2.2  Equipment

Anandamide

O

O

N
H

OH

H2N
OH

Ethanolamine

FAAH

Arachidonic acid

OH

  Fig. 1    Schematic representation of AEA hydrolysis catalyzed by FAAH       
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3    Methods 

   All steps must be carried out on ice.

    1.    Homogenize tissue or cell samples ( see   Note 3 ) in lysis buffer by 
using a Tefl on potter, at a weight/volume (g/mL) ratio of 1:10.   

   2.    Centrifuge the homogenate at 800 ×  g  for 5 min at 4 °C, in 
order to remove tissue fragments.   

   3.    Recover the supernatant in a new vial, measure protein content 
with any commercially available assay, and bring the sample to 
a protein concentration of 2 mg/mL ( see   Note 4 ).      

   Prepare a mixture of unlabeled and radiolabeled AEA ( see   Note 5 ) 
by mixing AEA/[ 14 C]-AEA (10 μM/0.009 μCi for each experi-
mental point).  

       1.    Incubate, in a 2 ml Eppendorf tube, 40 μg of sample homog-
enates ( see   Note 6 ) with 5 μL of [ 14 C-ethanolamine]-AEA mix 
( see   Note 7 ) for 15 min at 37 °C, in 500 μL of pre-warmed 
reaction buffer.   

   2.    During the reaction time, prepare enough scintillation vials for 
collection of all samples, and fi ll them with the appropriate 
volume of scintillation cocktail ( see   Note 8 ).   

   3.    Stop the reaction by adding 800 μL of ice-cold methanol/
chloroform, with vortexing.   

   4.    Centrifuge the mixture at 3000 ×  g  for 5 min without break, at 
room temperature ( see   Note 9 ).   

   5.    Put the upper aqueous layer in a scintillation vial  containing 
  liquid scintillation cocktail.   

   6.    Quantify radioactivity in a β-counter ( see   Note 10 ).       

4    Notes 

     1.    FAAH shows an optimal activity at pH 9.0, but if you need to 
assay it under physiological conditions, the same buffer can be 
adjusted at pH 7.4. At this value FAAH activity will be about 
half of that recorded at pH 9.0.   

   2.    Commercially available radioactive AEA can be [ 3 H]-labeled 
 on   arachidonic acid or [ 14 C]-labeled  on   ethanolamine. The lat-
ter [ 14 C]-AEA is more stable, a feature that reduces back-
ground and is critical when working with samples containing 
little FAAH activity.   

3.1  Sample 
Preparation

3.2  Substrate Mix 
Preparation

3.3  Enzymatic 
Reaction

FAAH Assay
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   3.    The best FAAH assay is performed on fresh tissues and cells. 
However, it can be performed also on stored samples, if the 
latter are collected and immediately frozen and stored at 
−80 °C. At any rate, sample storage should never last longer 
than 1 month. Homogenization with a Tefl on potter is usually 
preferred, while Turrax is recommended when samples are 
very fi brous (i.e., skeletal muscles).   

   4.    The most common method to evaluate protein concentration is 
a colorimetric assay based on the binding of Coomassie dye 
under acidic conditions, which results in a color change from 
brown to blue (visible at 595 nm in any spectrophotometer). 
The fi nal concentration should be adjusted around 1–2 mg of 
protein/ml, paying attention to avoid excessive sample dilution.   

   5.    The best substrate concentration ([S]) for a single-point assay 
is defi ned from  the   Michaelis–Menten constant ( K  m ) that 
should be calculated from a saturation curve with different 
amounts of substrate (Fig.  2 ).

   The concentration of substrate involved in the enzyme 
reaction should be at saturating levels; therefore [S] >  K  m  is 
advisable. In our assay with mouse brain,  K  m  is approximately 
3.5 μM; thus we suggest a fi nal AEA concentration of 10 μM. It 
should be noted that radiolabeled substrate often has a very low 
concentration that can be calculated from the specifi c activity 
(reported in the data sheet) as the ratio between radioactivity 
and amount (Ci/mmoles). Therefore, it is necessary to adjust 
the fi nal  substrate concentration by adding unlabeled AEA.   

  Fig. 2    Michaelis–Menten curves of mouse brain FAAH activity, determined by 
using 40 μg of proteins and different concentrations of substrate 
([ 14 C-ethanolamine]AEA, 0–20 μM range). Nonlinear regression analysis of the 
kinetic data allowed to calculate apparent  K  m  (μM) and maximum velocity ( V  max , 
expressed as pmol/(min mg of protein)) for [ 14 C]-AEA hydrolysis       
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   6.    The optimal protein concentration for FAAH assay depends 
on the amount of enzyme present in the sample. In the present 
protocol FAAH concentration refers to mouse brain. In gen-
eral, a dose-dependence curve of FAAH activity should be 
built for every new sample, in order to ascertain the optimal 
protein concentration to be used (Fig.  3 ).

       7.    If you have an [ 14 C]-AEA batch with a specifi c activity of 55 mCi/
nmoL and a concentration of 0.1 mCi/mL, and a 2 M stock solu-
tion of unlabeled AEA, the following is an example of mix com-
position for 100 reactions (500 μl), each performed in a 1.5 mL 
Eppendorf tube. Note that all steps must be performed on ice:
   (a)    [ 14 C]-AEA = 0.009 μCi × 100 reactions = 0.9 μCi (corre-

sponding to 9 μL from batch).   
  (b)    Cold AEA 100× (i.e., 1 mM) = 5 nmoL × 100 = 500 nmoL 

of AEA (corresponding to 50 μL from 10 mM AEA stock 
solution).    

  Solutions (a) and (b) will be diluted with ethanol to a fi nal 
volume of 500 μL (5 μL× 100 reactions). Note that it is recom-
mended to prepare an excess of mix, compared to the planned 
experimental activities.   

   8.    For a better quantitation, it is recommended to recover the 
same volume of the aqueous phase from all samples, even if it 
does not correspond to the whole volume of the phase. The 
scintillation liquid is added to the aqueous phase in a 7:1 ratio 
(scintillation liquid/aqueous phase, vol/vol). We usually use a 
3.5 mL:0.5 mL ratio.   

   9.    At the end of sample centrifugation, two phases will be 
observed: the lower is the organic phase, and the upper is the 
aqueous phase containing  labeled   ethanolamine.   

  Fig. 3    FAAH activity in a dose-response curve for mouse brain sample. Range of 
protein concentration was 5–200 μg       
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   10.       Radioactivity of [ 14 C]-ethanolamine is expressed as disintegra-
tions per minute (dpm) that must be transformed in moles by 
using  the   specifi c activity of the substrate mix (Ci/mmol), and 
keeping in mind that 1 μCi = 2.22 × 10 6  dpm. The resulting 
moles of ethanolamine will be divided by the reaction time (min) 
and the protein content (mg) in the reaction mixture, to obtain 
the specifi c activity of FAAH as moles/(min mg of protein).         
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    Chapter 15   

 Assay of NAAA Activity                     

     Kazuhito     Tsuboi     and     Natsuo     Ueda      

  Abstract 

    N -acylethanolamine-hydrolyzing acid amidase (NAAA) is a lysosomal hydrolase degrading various 
 N -acylethanolamines at acidic pH. Since NAAA prefers anti-infl ammatory and analgesic palmitoylethanol-
amide to other  N -acylethanolamines as a substrate, its specifi c inhibitors are expected as a new class of 
anti-infl ammatory and analgesic agents. Here, we introduce an NAAA assay system, using [ 14 C]palmitoyle-
thanolamide and thin-layer chromatography. The preparation of NAAA enzyme from native and recombi-
nant sources as well as the chemical synthesis of  N -[1′- 14 C]palmitoyl-ethanolamine is also described.  

  Key words     NAAA  ,    N -acylethanolamine-hydrolyzing acid amidase  ,   Palmitoylethanolamide  ,   Anti- 
infl ammatory agent  ,   Rat lung  ,   HEK293 cell  ,   Thin-layer chromatography  ,   Radioisotope  

1      Introduction 

 The major degradative pathway for  bioactive    N -acylethanolamines, 
 including   palmitoylethanolamide, oleoylethanolamide, and arachi-
donoylethanolamide (anandamide), is hydrolysis to free fatty acids 
and ethanolamine catalyzed by fatty acid amide hydrolase (FAAH) 
and  N -acylethanolamine-hydrolyzing acid amidase (NAAA) [ 1 ]. 
NAAA is a lysosomal cysteine hydrolase acting at acidic pH and pre-
fers palmitoylethanolamide, which shows anti- infl ammatory and 
analgesic actions, to  other    N -acylethanolamines in in vitro cell-free 
assay systems [ 2 ]. NAAA is abundantly expressed in macrophages [ 3 , 
 4 ], and specifi c NAAA inhibitors have been reported to increase local 
levels of endogenous palmitoylethanolamide in infl ammation mod-
els, and to exhibit anti-infl ammatory and analgesic effects [ 5 ]. Thus, 
the NAAA assay is considered an important method for screening 
and developing new anti- infl ammatory and analgesic agents. 

 Here, we introduce our NAAA assay system, using  N -[1′- 14 C]
palmitoyl-ethanolamine ([ 14 C]palmitoylethanolamide) as a sub-
strate (Fig.  1 ). In this system,    thin-layer chromatography (TLC) is 
used to separate the produced [ 14 C]palmitic acid from the remain-
ing substrate. We also refer to the preparation of NAAA enzyme 



138

from both native [ 6 ] and recombinant [ 2 ] sources, as well as the 
chemical synthesis of  N -[1′- 14 C]palmitoyl-ethanolamine. Another 
radioactive palmitoylethanolamide reported is [1,2- 14 C]
 N - palmitoylethanolamine [ 7 ]. In the latter case, the radioactive 
product, [1,2- 14 C]ethanolamine, is water soluble and remains in 
the aqueous phase after the extraction of [ 14 C]palmitoylethanol-
amide by chloroform/methanol (1:1, v/v). The radioactivity of 
the product can be then measured by a liquid scintillation counter. 
In addition,    NAAA assay can be performed  by   mass spectrometry 
[ 8 ], or fl uorometrically with  N -(4-methylcoumarin)palmitamide, a 
fl uorescent analog of palmitoylethanolamide, as a substrate [ 9 ] . 

2       Materials 

       1.    Wistar rats (male) ( see   Note 1 ).   
   2.    Homogenization buffer: 20 mM Tris–HCl (pH 7.4), 0.32 M 

sucrose.   
   3.    Motor-driven Polytron homogenizer with a stainless-steel gen-

erator shaft of 12 mm in diameter (Kinematica, Littau, 
Switzerland).   

   4.    Phosphate-buffered saline (PBS).   
   5.    Potter-type Tefl on-glass grinder.   
   6.    Protein assay dye reagent concentrate for Bradford protein 

assay (Bio-Rad, Hercules, CA, USA) and bovine serum albu-
min (BSA) as a standard.      

       1.    Human embryonic kidney 293 (HEK293) cells.   
   2.    Culture medium for HEK293 cells:    Dulbecco’s modifi ed Eagle 

medium (DMEM) with 10 % fetal calf serum and 0.1 mM 
nonessential amino acids.   

   3.    Poly- L -lysine-coated 100 mm plastic cell culture dishes: 
Dissolve 5 mg of poly- L -lysine hydrobromide (molecular 
weight 30,000–70,000) in 50 ml of sterile water. Coat the cul-
ture surface with 2–3 ml of the poly- L -lysine solution for 
10 min. Remove the solution ( see   Note 2 ), and rinse the cul-
ture surface with some sterile water. Aspirate off the water, and 
air-dry the surface under ultraviolet light in the clean bench.   

2.1  Preparation 
of NAAA  from   Rat 
Lung

2.2  Preparation 
of  Recombinant   NAAA

H2O

+

[14C]Palmitic Acid Ethanolamine

* *

N-[1'-14C]Palmitoyl-ethanolamine

  Fig. 1    Hydrolysis of  N -[1′- 14 C]palmitoyl-ethanolamine by NAAA.  Asterisks  show the positions of the radiolabel       
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   4.    pcDNA3.1(+) mammalian expression vector harboring human 
NAAA cDNA [ 2 ] ( see   Note 3 ).   

   5.    Lipofectamine 2000.   
   6.    0.05 % Trypsin/0.02 % ethylenediaminetetraacetic acid (EDTA).   
   7.    PBS.   
   8.    Branson Sonifi er model 250 equipped with a tapered microtip 

(end diameter of 1/8 in.) (Branson, Danbury, CT, USA).   
   9.    Protein assay dye reagent concentrate for Bradford protein 

assay (Bio-Rad).      

       1.    [1- 14 C]Palmitic acid (ethanol solution, 1.48–2.22 GBq/mmol, 
3.7 MBq/ml) (PerkinElmer Life Science, Boston, MA, USA).   

   2.    Liquid scintillation counter.   
   3.    Liquid scintillation mixture with a bottle-top dispenser.   
   4.    Polyethylene 6 ml vials and glass vials.   
   5.    2-Aminoethanol (monoethanolamine).   
   6.    Oxalyl chloride ( see   Note 4 ).   
   7.    Methylene chloride.   
   8.    Conical 10ml glass tubes with a screw cap.   
   9.    Diethyl ether.   
   10.    Nitrogen gas cylinder with a regulator.   
   11.    Ethanol.   
   12.    Conventional hair dryer held by a clamp and a stand.   
   13.    Precoated silica gel 60 F 254  glass plate for TLC (20 × 20 cm, 

0.2 mm thickness).   
   14.    TLC solvent A: The organic phase of isooctane/ethyl acetate/

water/acetic acid (5:11:10:2, by vol.). Mix 100 ml of isooc-
tane, 220 ml of ethyl acetate, 200 ml of deionized water, and 
40 ml of acetic acid in a 500 ml glass bottle, and shake it well. 
After standing, transfer the upper organic phase to another 
bottle with a glass pipette. Store at room temperature (r.t.).   

   15.    Rectangular glass TLC tank (inside dimension: 235 × 105 × 
210 mm) with a glass lid: Attach Whatman 3MM fi lter paper 
to the inner walls, and pour TLC solvent A (120–150 ml) into 
the tank ( see   Note 5 ).   

   16.       Imaging analyzer FLA-7000 with an imaging plate (20 × 40 cm) 
and a cassette (Fujifi lm, Tokyo, Japan).   

   17.    Chisel (12 mm blade in width) and microspatula.   
   18.    Paraffi n paper (15 × 15 cm).   
   19.    Glass Buchner funnel with a G1 fi lter disc at the bottom.   

   20.    Methanol.   
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   21.    Rubber bulb with a reservoir: Connect the bulb to a glass 
Buchner funnel via a glass tube penetrating a silicone stopper.   

   22.    40 mM Non-radiolabeled palmitoylethanolamide: Dissolve 10 mg 
of palmitoylethanolamide in 835  μl   of ethanol ( see   Note 6 ).   

   23.    Dimethyl sulfoxide.      

        1.    0.5 M Citrate– sodium   phosphate buffer (pH 4.5): Weigh 
5.25 g of citric acid monohydrate, and add water to make 
50 ml of 0.5 M citric acid. Weigh 8.95 g of Na 2 HPO 4 ·12H 2 O, 
and add water to prepare 50 ml of 0.5 M Na 2 HPO 4 . Mix the 
solutions in a ratio that results in a pH value of 4.5.   

   2.    60 mM Dithiothreitol: Dissolve 185 mg of dithiothreitol in 
20 ml of water. Dispense into 1 ml aliquots. Store at −20 °C. A 
fresh aliquot should be used every time before assay.   

   3.    4 % (w/v) Nonidet P-40: Weigh 1.6 g of Nonidet P-40 in a 
50 ml plastic tube. Add about 35 ml of water, and rotate the 
tube for several hours or overnight at 4 °C. Adjust the volume 
to 40 ml with water. Store at 4 °C.   

   4.    1 % BSA: Dissolve 0.2 g of BSA (Cohn Fraction V) in 20 ml of 
water. Dispense the solution in 1.5 ml plastic tubes, and store 
at −20 °C.   

   5.    3 M NaCl: Dissolve 8.77 g of sodium chloride in water to 
make 50 ml solution.   

   6.       [ 14 C]Palmitoylethanolamide (10,000 cpm/10 nmol/5 μl of 
dimethyl sulfoxide): Prepare as described in Subheading  3.3 .   

   7.    Round-bottom 5 ml glass test tubes (12 mm diameter × 90 mm 
length).   

   8.    Stop solution: Diethyl ether/methanol/1 M citric acid (30:4:1, 
by vol.) ( see   Note 7 ). Store at –20 °C.   

   9.    Calibrated 100 μl glass micropipets and a rubber aspirator tube 
( see   Note 8 ).   

   10.    Conventional hair dryer held by a clamp and a stand.   
   11.    Precoated silica gel 60 F 254  aluminum sheet for TLC 

(20 × 20 cm, 0.2 mm thickness): Cut it into equal halves 
(20 × 10 cm each) by scissors or a guillotine paper cutter.   

   12.       TLC solvent B: Chloroform/methanol/28 % ammonium 
hydroxide (40:10:1, by vol.). Mix 400 ml of chloroform, 
100 ml of methanol, and 10 ml of 28 % ammonium hydroxide 
in a 500 ml bottle and shake it well. Store at 4 °C.   

   13.    Rectangular glass TLC tank (inside dimension: 
235 × 105 × 210 mm) with a glass lid: Attach Whatman 3MM 
fi lter paper to the inner walls, and pour TLC solvent B (120–
150 ml) into the tank ( see   Note 5 ).   

   14.    Imaging analyzer FLA-7000 with an imaging plate (20 × 40 cm) 
and a cassette (Fujifi lm).       

2.4  Enzyme Assay
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3    Methods 

         1.    Anesthetize male Wistar rats, and sacrifi ce them by decapita-
tion ( see   Note 9 ).  Isolate   lungs, and wash them with ice-cold 
PBS. Weigh the tissues in a glass beaker ( see   Note 10 ).   

   2.    Keeping the glass beaker on ice, mince  the   lungs with scissors 
and add nine times volume (ml/g of tissue weight) of ice-cold 
homogenization buffer. Homogenize the tissues using a 
Polytron homogenizer at setting 7 in an ice-water bath three 
times for 20 s each ( see   Note 11 ).   

   3.    Centrifuge the homogenate at 800 ×  g  for 15 min at 
4 °C. Transfer the supernatant to another centrifuge tube.   

   4.    Centrifuge the supernatant at 12,000 ×  g  for 30 min at 
4 °C. Discard the resultant supernatant, and transfer the pellet 
to a precooled chamber of a Tefl on-glass grinder with a spat-
ula. Add one-seventh of the homogenate volume of ice-cold 
PBS to the chamber in an ice-water bath ( see   Note 12 ), and 
suspend the pellet with the aid of the grinder.   

   5.    Transfer the suspended pellet to a polypropylene tube, and 
freeze it in a −80 °C freezer. Thaw the sample in a water bath 
at r.t., and freeze it again at −80 °C ( see   Note 13 ). These two 
cycles of freezing and thawing result in the solubilization of 
NAAA from lysosomes.   

   6.    After thawing, ultracentrifuge the sample at 105,000 ×  g  for 50 min 
at 4 °C. The solubilized NAAA is recovered in the supernatant.   

   7.    Transfer the supernatant into a new tube. Determine the pro-
tein concentration (typically 2–3 mg/ml), according to the 
manufacturer’s instruction for protein assay dye reagent con-
centrate for Bradford protein assay. Use 0.25–4 μg of BSA as a 
standard in 250 μl volume of reactions. Dispense the NAAA 
preparation into aliquots, and store at −80 °C until use.      

          1.    Culture HEK293 cells at 37 °C to 90 %  confl uency   in a poly-
 L - lysine-coated 100 mm dish containing the culture medium 
in a humidifi ed 5 % CO 2 /95 % air incubator ( see   Note 14 ).   

   2.    Introduce 8 μg of the expression vector pcDNA3.1(+) harbor-
ing cDNA of human NAAA into the cells using 36 μl of 
Lipofectamine 2000 according to the manufacturer’s instruc-
tion and culture the cells for 48 h.   

   3.    Suspend the cells with the aid of 0.05 % trypsin/0.02 % 
EDTA. Transfer the cell suspension to a 50 ml polypropylene 
conical tube, and centrifuge it to collect the cells. Wash the 
cells with 10 ml of PBS, followed by centrifugation. Discard 
the supernatant, suspend the cells again with 1 ml of PBS, and 
transfer the suspension of cells to a 1.5 ml tube.   

3.1  Preparation 
 of   NAAA 
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   4.    After another centrifugation, resuspend the cells with 1 ml of 
PBS, and sonicate the cells using a Branson Sonifi er at 
amplitude 3 in an ice-water bath three times for 3 s each ( see  
 Note 11 ).   

   5.    Store the resultant cell homogenate at −80 °C until use as 
NAAA preparation. Determine the protein concentration 
(expected to be around 3 mg/ml), according to the manufac-
turer’s instruction for protein assay dye reagent concentrate for 
Bradford protein assay. Use 0.25–4 μg of BSA as a standard in 
250 μl volume of reactions.      

        1.    To measure  the   radioactivity of [1- 14 C]palmitic acid, dilute 
5 μl of original [1- 14 C]palmitic acid solution with 120 μl of 
ethanol ( see   Note 15 ). Add 5 μl of the diluted [1- 14 C]palmitic 
acid solution into a polyethylene 6 ml vial containing 3 ml of 
liquid scintillation mixture (in triplicate). To subtract back-
ground radioactivity, add 5 μl of ethanol into another vial con-
taining 3 ml of the scintillation mixture. Vortex all the vials, 
put them in bigger glass vials, and count the radioactivity with 
a liquid scintillation counter ( see   Note 16 ).   

   2.    Based on the measured value of radioactivity, transfer [1- 14 C]
palmitic acid solution, corresponding to 1 × 10 8  cpm, to a coni-
cal 10 ml glass tube with a screw cap. Evaporate the solvent 
ethanol completely by nitrogen gas stream ( see   Note 17 ).   

   3.    Add 200 μl of methylene chloride into the glass tube, and vor-
tex it well.   

   4.    In the safety cabinet, add 10 μl of oxalyl chloride into the tube. 
Close the cap tightly, and keep the solution at r.t. for 2 h. 
Vortex the tube at 0, 1, and 2 h. [ 14 C]Palmitoyl chloride is 
now produced.   

   5.    Weigh 0.2 g of 2-aminoethanol in another conical 10 ml glass 
tube, and add 2 ml of methylene chloride into the tube. Vortex 
the solution, and place the tube on ice.   

   6.    Open the tube containing [ 14 C]palmitoyl chloride (from  step 
4 ), and evaporate the solvent completely by nitrogen gas 
stream ( see   Note 17 ). Add 200 μl of 2-aminoethanol solution 
(prepared in  step 5 ) into the tube. Close the cap and vortex 
the mixture.   

   7.    Stand the mixture on ice for 30 min. Vortex it at 0, 10, 20, and 
30 min. The synthesis of  N -[1′- 14 C]palmitoyl- ethanolamine 
([ 14 C]palmitoylethanolamide)  is   now completed.   

   8.    Add 1 ml of water and 2 ml of diethyl ether into the tube, and 
vortex the mixture well.   
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   9.    Centrifuge the mixture at 1600 × g for 10 min at r.t.. Transfer 
the upper organic layer to another conical 10 ml glass tube 
with a Pasteur pipette.   

   10.    Add 2 ml of diethyl ether to the lower aqueous layer, and vortex 
the mixture well. Centrifuge the mixture again at 1600 × g for 
10 min at r.t. Transfer the resultant upper organic layer into the 
glass tube containing the upper organic layer collected in  step 9 .   

   11.    Repeat  step 10 .   
   12.    Evaporate the combined organic layer by nitrogen gas stream 

( see   Note 17 ).   
   13.    Add 800 μl of ethanol, and vortex the sample ( see   Note 18 ).   
   14.    (Optional) Before the purifi cation by preparative TLC ( steps 

15 – 24 ), it is possible to confi rm successful synthesis of [ 14 C]
palmitoylethanolamide by the following method. Spot 1 μl of 
the sample on an aluminum TLC sheet (10 cm height, described 
in Subheading  2.4 ,  item 11 ). Also, spot ~50,000 cpm of [ 14 C]
palmitic acid as a control beside the sample. Follow  steps 15 –
 18  except that the development of the TLC sheet and the 
exposure of an imaging plate to the sheet are 20 min and 
30–60 min, respectively. More than 95 % of [ 14 C]palmitic acid 
is typically converted to [ 14 C]palmitoylethanolamide, which 
migrates more slowly than [ 14 C]palmitic acid on  the   TLC sheet.   

   15.    Draw an 18 cm horizontal line at 2 cm apart from the bottom 
edge on a glass TLC plate by a soft pencil, leaving 1 cm blanks 
at the both side edges ( see  Fig.  2a ). Spot the entire sample along 
the line with a pipetman and a 200 μl tip under airfl ow by a hair 
dryer ( see   Note 19 ). After spotting, leave the plate under the 
airfl ow for a few minutes to evaporate the solvent completely.
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  Fig. 2    Marking of TLC plate ( a ) and an example of thin-layer chromatogram ( b ) in the purifi cation of the syn-
thesized [ 14 C]palmitoylethanolamide       
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       16.    Immerse the lower edge (<2 cm) of the TLC plate in TLC 
solvent A placed in the TLC tank. Develop the plate at r.t. for 
70 min. Take the plate out of the tank, and completely dry it 
up with airfl ow ( see   Note 19 ).   

   17.    Wrap the TLC plate with a plastic fi lm, and expose an imaging plate 
to the wrapped plate in a cassette for about 5 min ( see   Note 20 ).   

   18.    Scan the plate by imaging analyzer FLA-7000 to see the distri-
bution of the radioactivity ( see  Fig.  2b ). The radioactive band of 
[ 14 C]   palmitoylethanolamide roughly migrates up to half way of 
the plate. Print out the image to a paper sheet in its actual size.   

   19.    Remove the plastic fi lm from the TLC plate, and superimpose 
the plate exactly on the printed paper sheet on an illuminator. 
Mark the area on the plate that surrounds the [ 14 C]palmitoyle-
thanolamide band with a soft pencil.   

   20.    Scrape the marked area of silica gel from the plate with a chisel 
above a paraffi n paper. Transfer the scraped silica gel to a 
Buchner funnel.   

   21.    Hold the funnel with a clamp and a stand, and put a conical 
10 ml glass tube under the funnel.   

   22.    Elute [ 14 C]palmitoylethanolamide with methanol. First, add 
2 ml of methanol to the funnel and crash the silica gel in meth-
anol with a microspatula. Next, add 8 ml of methanol to the 
funnel. This step can be accelerated by applying a positive pres-
sure with the aid of a rubber bulb with a reservoir.   

   23.    Evaporate methanol by nitrogen gas stream ( see   Note 17 ).   
   24.    Add 2 ml of ethanol, and vortex the sample ( see   Note 21 ).   
   25.    To measure  the   radioactivity of [ 14 C]palmitoylethanolamide, 

dilute 5 μl of the obtained sample with 20 μl of ethanol. As in 
 step 1 , count the radioactivity in 5 μl of the diluted sample in 
triplicate with a liquid scintillation counter, and calculate the 
radioactivity per volume (cpm/μl) ( see   Note 22 ).   

   26.    In order to prepare [ 14 C]palmitoylethanolamide with a specifi c 
radioactivity of 1000 cpm/nmol, mix 2 × 10 6  cpm of [ 14 C]pal-
mitoylethanolamide and 50 μl of 40 mM non- radiolabeled   pal-
mitoylethanolamide in a conical 10 ml glass tube with a screw 
cap ( see   Note 23 ).   

   27.    Evaporate the solvent ethanol by nitrogen gas stream ( see   Note 
17 ). Add 1 ml of dimethyl sulfoxide, and vortex the solution well. 
[ 14 C]Palmitoylethanolamide at 10,000 cpm/10 nmol/5 μl used 
in Subheading  3.4  is now prepared ( see   Note 24 ). Store at −20 °C.      

        1.    In a 5 ml glass test tube,    mix 20 μl of 0.5 M citrate–sodium 
phosphate buffer (pH 4.5), 5 μl of 60 mM dithiothreitol, 2.5 μl 
of 4 % Nonidet P-40, 5 μl of 1 % BSA, 5 μl of 3 M NaCl, 5 μl of 
dimethyl sulfoxide, water, and NAAA preparation (native or 
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recombinant NAAA prepared as described in Subheading  3.1  or 
 3.2 , respectively) in a fi nal volume of 95 μl ( see   Note 25 ).   

   2.    Add 5 μl of [ 14 C]palmitoylethanolamide (10,000 cpm, 
10 nmol, in dimethyl sulfoxide), and vortex the reaction mix-
ture briefl y ( see   Notes 15  and  26 ).   

   3.    Incubate the reaction mixture for 30 min at 37 °C in a water bath.   
   4.    Terminate the reaction by adding 320 μl of stop solution and 

vortexing ( see   Note 26 ).   
   5.    Centrifuge the samples at 2000 × g for 5 min at 4 °C.   
   6.    Draw an 18 cm horizontal line at 2 cm apart from the bottom 

edge on an aluminum TLC sheet by a soft pencil, leaving 1 cm 
blanks at both side edges. Draw short vertical lines at 1.5 cm inter-
val across the horizontal line to form 12 lanes per sheet ( see  Fig.  3a ).

       7.    Spot 100 μl of the upper ether layer on each lane along the 
horizontal line. Use a glass micropipette, which is connected 
to a rubber aspirator tube, under airfl ow by a hair dryer ( see  
 Note 19 ). After spotting all the samples, leave the plate under 
airfl ow for a few minutes to evaporate the solvent completely.   
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  Fig. 3    Marking of TLC plate ( a ) and an example of thin-layer chromatogram ( b ) in NAAA assay       
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   8.    Immerse the lower edge (<2 cm) of the TLC sheet in TLC 
solvent B placed in the tank. Develop the plate at 4 °C for 
20 min. Take the plate out of the tank,  and   completely dry it 
up under airfl ow ( see   Note 19 ).   

   9.    Wrap the TLC sheet with a plastic fi lm, and expose an imaging 
plate to the wrapped plate in a cassette for 6–18 h.   

   10.    Scan the plate  by   imaging analyzer FLA-7000 to see the distri-
bution of the radioactivity ( see  Fig.  3b ). Quantify radioactivi-
ties of the produced [ 14 C]palmitic acid ( a ), and the remaining 
 [ 14 C]palmitoylethanolamide   ( b ), and calculate the conversion 
rate [ c  =  a /( a  +  b )]. Based on the radioactivities of [ 14 C]pal-
mitic acid ( a′ ) and [ 14 C]palmitoylethanolamide ( b′ ) obtained 
with an enzyme-free sample, estimate the background value 
[ c′  =  a′ /( a′  +  b′ )]. Subtract the background value from the con-
version rate, and then calculate the enzyme activity 
[10 × ( c  −  c′ )/30 (nmol/min)] ( see   Note 27 ).       

4    Notes 

     1.    Any strain and age of rats, including retired rats, are eligible. 
Frozen lungs should not be used because some  of   NAAA may 
already be solubilized and may not be recovered in the pellet 
after centrifugation at 12,000 ×  g .   

   2.    The poly- L -lysine solution is reusable. Store at 4 °C.   
   3.    When recombinant NAAA is prepared as described in 

Subheading  3.2 , cDNA of rat NAAA results in severalfold higher 
enzyme activity than cDNA of human NAAA. cDNA of mouse 
NAAA exhibits similar enzyme activity to that of human cDNA.   

   4.    Oxalyl chloride is a corrosive respiratory irritant and lachryma-
tor. It reacts violently with water. Store the bottle of this com-
pound in a sealed 50 ml plastic tube at 4 °C.   

   5.    At least 1–2 h is necessary to saturate the TLC tank with solvent 
vapors. In order to minimize evaporation of the solvent and change 
in its composition, put a 1 kg weight on the lid of the tank.   

   6.    There is an obvious lot-to-lot difference in commercially avail-
able palmitoylethanolamide affecting the NAAA activity.   

   7.    When an unsaturated  N -[ 14 C]acylethanolamine is used as a 
substrate instead of [ 14 C]palmitoylethanolamide, it is recom-
mended to include 5 mM 3(2)- t -butyl-4-hydroxyanisole in the 
stop solution as an antioxidant.   

   8.    The rubber aspirator tube is supplied as an accessory of the 
glass micropipets.   

   9.    Follow institutional guidelines for the care and use of animals.   
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   10.       Lungs of a retired rat weigh around 1.5 g. The capacity of the 
glass beaker should be 2–3 times larger than the volume of the 
homogenization buffer added in  step 2 .   

   11.    To prevent temperature rising, take a pause (at least 30 s) 
between each homogenization or sonication with gentle mix-
ing in the ice-water bath.   

   12.    For effective recovery of the pellet, wash the used centrifuge tube 
with ice-cold PBS and then collect this PBS to the chamber.   

   13.    The frozen sample can be stored for a long term in both of the 
freezing steps.   

   14.    The cells may be maintained in the presence of 100 U/ml peni-
cillin and 0.1 mg/ml streptomycin. However, these antibiotics 
should be removed before starting lipofection in  step 2 .   

   15.    Perform all the steps handling radioactive materials in the con-
trolled areas of radiation work.   

   16.    Since the measured value of radioactivity is typically 50,000–
60,000 cpm/vial, the radioactivity of original solution is calcu-
lated to be 250,000–300,000 cpm/μl.   

   17.    This step should be done carefully in a safety cabinet. Use a 
Pasteur pipette connected to a nitrogen gas cylinder via a sili-
cone tube. Since the temperature decreases during evapora-
tion, the glass tube may be placed in a water bath around 25 °C 
to accelerate evaporation.   

   18.    The sample can be stored at −20 °C at the end of this step.   
   19.    Use normal-temperature airfl ow from a hair dryer held by a 

clamp and a stand. Hot airfl ow should be avoided.   
   20.    In order to know the precise position of the radioactive band, 

the left and bottom edges of the imaging plate should be over-
lapped with those of the wrapped TLC plate.   

   21.    White insoluble precipitates, if any, can be removed by low- 
speed centrifugation.   

   22.    Usually, the yield is more than 80 %.   
   23.    The amount  of   [ 14 C]palmitoylethanolamide is less than 1 % of 

non-radiolabeled palmitoylethanolamide and is negligible.   
   24.    Other  N -[ 14 C]acylethanolamines can also be prepared accord-

ing to the present method, as long as the corresponding non-
radiolabeled  N -acylethanolamines are available. If not available, 
before starting the condensation with 2-aminoethanol, mix 
 14 C-labeled free fatty acid with the corresponding non-radiola-
beled free fatty acid at the ratio to achieve the desired specifi c 
radioactivity and follow this method.   

   25.    The fi nal concentrations of each component are as follows: 
100 mM citrate–sodium phosphate buffer (pH 4.5), 3 mM 
dithiothreitol, 0.1 % Nonidet P-40, 0.05 % BSA, 150 mM 

NAAA Assay



148

NaCl, 100 μM [ 14 C]palmitoylethanolamide, and 10 % dimethyl 
sulfoxide. See  Note 27  concerning the amount of NAAA prep-
aration. A master mix solution should be prepared for common 
components. To screen  NAAA   inhibitors, dissolve the candi-
date compound in 5 μl of dimethyl sulfoxide and add the solu-
tion to the reaction mixture. However, the fi nal concentration 
of dimethyl sulfoxide should be always kept at 10 %. A FAAH 
inhibitor, URB597, should be added at 1–10 μM when coexist-
ing FAAH cannot be ignored in NAAA preparation [ 3 ].   

   26.    For multiple samples, each reaction should be started every 15 
or 20 s by adding [ 14 C]palmitoylethanolamide and terminated 
at the same time interval by the stop solution.   

   27.    For the precise measurement of the enzyme activity, the conversion 
rate ( c ) should be in the range of 0.01–0.20. Since both of the native 
and recombinant NAAA, prepared in Subheadings  3.1  and  3.2 , 
respectively, are expected to exhibit the enzyme activities of around 
6 nmol/min/mg of protein, the enzyme preparation around 11 μg 
of protein should achieve the conversion rate around 0.2.         
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    Chapter 16   

 Assay of DAGLα/β Activity                     

     Tiziana     Bisogno      

  Abstract 

   The endocannabinoid 2-arachidonoylglycerol (2-AG) exerts its physiological action by binding to and 
functionally activating type-1 (CB 1 ) and type-2 (CB 2 ) cannabinoid receptors. It is thought to be produced 
through the action of  sn -1 selective diacylglycerol lipase (DAGL) that catalyzes 2-AG biosynthesis from 
 sn -2-arachidonate-containing diacylglycerols. Since 2-AG biosynthetic enzymes have been identifi ed only 
recently, little information on methodological approaches for measuring DAGL activity is as yet available. 
Here, a highly sensitive radiometric assay to measure DAGL activity by using 1-oleoyl[1- 14 C]-2- 
arachidonoylglycerol as the substrate is reported. All the steps needed to perform lipid extraction, fraction-
ation by thin-layer chromatography (TLC), and quantifi cation of radiolabeled [ 14 C]-oleic acid via 
scintillation counting are described in detail.  

  Key words     2-Arachidonoylglycerol  ,   Diacylglycerol lipase  ,   Radiometric assay  ,   Thin-layer 
chromatography  

1      Introduction 

 DAGL catalyzes the hydrolysis of  sn -1-acyl-2-arachidonoylglycerol 
(DAG) to  free   fatty acid and 2-AG [ 1 ]. In tissues, 2-AG is much 
more abundant than any of the other endocannabinoids (eCBs) 
identifi ed so far, and acts as a  full   agonist at CB 1  and CB 2  receptors 
[ 2 ,  3 ]. Two  sn -1  DAG   lipase isozymes, DAGLα and DAGLβ, have 
been cloned and enzymatically characterized [ 1 ]. DAGLα contains 
1042 amino acids and is larger than DAGLβ (672 amino acids). 
They are mostly located in the plasma membrane, are stimulated by 
Ca 2+  and glutathione, appear to possess a catalytic triad typical of 
serine hydrolases, and do not exhibit strong selectivity for 
2- arachidonate-containing DAG [ 1 ]. The development of trans-
genic mice where the DAGL-encoding gene has been ablated con-
fi rmed that both DAGLα and DAGLβ regulate 2-AG production 
in vivo, where the relative contribution made by each enzyme 
depends on the type of tissue [ 4 ,  5 ]. In particular, DAGLα seems to 
be the principal regulator of 2-AG in the nervous system and plays 
an essential role in regulating retrograde synaptic plasticity and 
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adult neurogenesis [ 4 ]. To date, several reports have documented 
alterations in time and space specifi city of production and release of 
eCBs in relation to pathological conditions [ 6 ]. Since 2-AG biosyn-
thetic enzymes have been identifi ed only recently, little information 
on methodological approaches for measuring DAGL activities is as 
yet available. Several efforts have been made to fi ll this gap, culmi-
nating in the development of different analytical methodologies 
that include TLC [ 1 ,  7 – 9 ], liquid chromatography- mass spectrom-
etry [ 10 ],    fl uorescence resonance energy transfer [ 11 ], activity-
based protein profi ling [ 12 ], and fl uorescence spectroscopy [ 13 ]. 
Here, the protocol for assaying DAGL activity by means of the 
highly sensitive, standardized TLC radioassay that uses labeled 
1-oleoyl[1- 14 C]-2- arachidonoylglycerol as a substrate for both 
DAGLα and DAGLβ is presented (Fig.  1 ). This procedure has 
indeed allowed to discover and characterize these two enzymes, and 
to develop potent and selective inhibitors of their activity [ 1 ,  7 – 9 ].

2       Materials 

 Prepare and store all reagents at the suggested temperature, using 
ultrapure water or specifi c solvents when indicated. Carefully fol-
low all regulations when disposing waste materials. 

       1.    Assay buffer: 50 mM Tris–HCl, pH 7.4. Weigh 2.43 g Tris and 
transfer it to a glass beaker containing 300 ml of water. Mix 
and adjust pH with HCl ( see   Note 1 ). Make up to 0.4 L with 
water. Store at 4 °C.   

   2.    Glass homogenizer (Dounce).   
   3.    Centrifuge tubes.   
   4.    1-Oleoyl[1- 14 C]-2-arachidonoylglycerol (50–60 mCi/mmol, 

or 1.85–2.22 GBq/mmol) (American Radiolabeled Chemicals, 
Inc., Saint Louis, MO, USA): Make a stock solution by taking 
0.1 μCi (2 μl) 1-oleoyl[1- 14 C]-2-arachidonoylglycerol and 
transferring it to a 0.5 ml tube containing 100 μl of acetoni-
trile. Use 5 μl of solution to count the radioactivity in a 
β-counter ( see   Note 2 ). Prepare your working solution by 

2.1  Enzymatic Assay 
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  Fig. 1     sn -1 DAGL catalyzes [1- 14 C]-oleic acid and 2-AG formation from 1-oleoyl[1- 14 C]-2-arachidonoylglycerol       
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transferring the required amount of 1-oleoyl[1- 14 C]-2- 
arachidonoylglycerol to 2 ml tube containing Tris–HCl buffer 
up to a concentration of about 250 dpm/μl. Store stock solu-
tion at −20 °C and working solution on ice.   

   5.    Stock solution of 10 mM 1-oleoyl-2-arachidonoylglycerol: 
Weigh 1 mg 1-oleoyl-2-arachidonoylglycerol ( see   Note 3 ), and 
transfer to a 0.5 ml tube containing 0.156 ml of acetonitrile. 
Prepare your 125 μM working solution by transferring 12.5 μl of 
10 mM stock solution to 2 ml tube containing 1 ml of Tris–HCl. 
Store stock solution at −20 °C and working solution on ice.   

   6.    Bradford protein assay kit (commercially available).   
   7.    Two milliliter tubes with safe lock (e.g., Eppendorf type).   
   8.    Vortex.   
   9.    Water bath.   
   10.    Chloroform/methanol (2:1, vol/vol) solution: Add 10 ml of 

chloroform to a 20 ml cylinder, and then add methanol up to 
15 ml ( see   Note 4 ). Transfer in a glass conical fl ask with glass 
stopper. Store on ice.      

       1.    TLC (20 × 20 cm)    Silica gel 60 F 254 .   
   2.    Pencil.   
   3.    Standard solution of 10  mM   arachidonic acid (AA): Weigh 

2 mg AA and transfer it to a glass vial containing 0.658 ml of 
methanol ( see   Note 5 ). Store at −20 °C.   

   4.    Chloroform/methanol (9:1, vol/vol) solution ( see   Note 4 ).   
   5.    Chloroform/methanol/ammonium hydroxide (85:15:0.1, 

vol/vol/vol) solution ( see   Note 6 ).   
   6.     Developing   iodine chamber ( see   Note 7 ).   
   7.    Chromatography tanks.   
   8.    Scissors.   
   9.    Tweezers.   
   10.    Ruler.   
   11.    Twenty milliliter liquid scintillation vials with screw cap.   
   12.    Liquid scintillation counter.       

3    Methods 

       1.    Transfer tissues in a glass homogenizer, add assay buffer ( see  
 Note 8 ), and then homogenize ( see   Note 9 ).   

   2.    Transfer homogenates to centrifuge tubes and centrifuge at 
4 °C sequentially at 800 ×  g  for 5 min (to remove insoluble 
debris) and at 12,000 ×  g  for 25 min ( see   Note 10 ).   

2.2  Components 
for TLC

3.1  Enzymatic Assay

DAGL Assay
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   3.    Gently remove the supernatant.   
   4.    Add assay buffer to redissolve the pellet ( see   Note 11 ).   
   5.    Determine protein concentration by means of Bradford protein 

assay (or similar), following the manufacturer’s instructions.   
   6.    Prepare 1 mg/ml protein solution in assay buffer. Store on ice.   
   7.    Mix 0.1 ml of 1-oleoyl[1- 14 C]-2-arachidonoylglycerol working 

solution, 0.1 ml of 1-oleoyl-2-arachidonoylglycerol working 
solution, 0.2 ml of assay buffer, and 0.1 ml of protein solution 
in a 2 ml tube ( see   Note 12 ). Close the cap, shake, and incubate 
at 37 °C for 20 min in a preheated water bath ( see   Note 13 ).   

   8.    After the incubation, extract lipids with 2 volumes of chloro-
form/methanol (2:1) solution. Add 1 ml of chloroform/
methanol (2:1) solution to each tube, and shake vigorously 
with a vortex ( see   Note 14 ).   

   9.    Centrifuge at 10,000 ×  g  for 2 min, and transfer the organic 
phase in a clean 2 ml tube ( see   Note 15 ).   

   10.    Evaporate the organic phase under a stream of gaseous nitro-
gen or under vacuum ( see   Note 16 ).      

       1.    Chromatography tank with the mobile phase:  Use   chloro-
form/methanol/ammonium hydroxide (85:15:0.1) solution 
as eluting system, and pour it into the chromatography tank, 
that is the developing chamber. Cover the chamber to saturate 
the inside with solvent vapor, swirl it gently, and allow it to 
stand while you prepare TLC plate ( see   Note 17 ).   

   2.    Measure 2 cm from the bottom of the plate (Fig.  2a ). Using a 
pencil, draw two marks on both edges of the plate at 2 cm ( see  
 Note 18 ). This is the origin: the line on which you will spot the 
plate. Leave 1 cm from both edges of the plate, draw a 2 cm wide 
lane (at 2 cm from the bottom of the plate), and under it lightly 
mark the name “AA standard.” Starting from the left edge of the 
plate, leave 1.5 cm from the spot  of   AA standard and draw another 
2 cm wide lane. Lightly mark the name of the sample you will spot 
on this plate. Repeat this procedure for as many samples as you 
have to load (Fig.  2a ). The space between different samples pre-
vents them from overlapping during the run ( see   Note 19 ).

       3.    Spot 15 μl of AA standard solution at the  proper   location of 
 the   TLC plate ( see   Note 20 ).   

   4.    Dissolve each sample in 30 μl of chloroform/methanol (9:1) 
solution, and then spot samples on the TLC plate ( see   Note 20 ).   

   5.    Place the TLC plate in the developing chamber, cover the 
chamber, and leave it undisturbed on the bench ( see   Note 21 ). 
Allow the plate to develop until the solvent is about 1 cm 
below the top of the plate (Fig.  2b ).   

   6.    Remove the plate from the developing chamber  and   immedi-
ately mark the solvent front with a pencil ( see   Note 22  and 
Fig.  2b ). Next, let the solvent evaporate completely.   

3.2  TLC Preparation 
and Development
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   7.    Stain  the   TLC plate by inserting it in a chamber previously 
saturated with iodine vapor.   

   8.    Allow TLC to remain in  the   iodine vapor chamber until the AA 
standard appears as a dark yellow-brown spot ( see   Note 23 ).   

   9.    Carefully remove the TLC plate from the chamber, and gently 
circle the spots with a pencil (Fig.  2b ).   

   10.     Allow   iodine to fully evaporate from the TLC in a chemical 
hood.   

   11.    Draw two horizontal lines across the whole length of the plate, 
above and below the circled spot  of   AA. Draw two vertical 
lines across the whole length of the plate, both on the right 
and the left side of each sample ( see   Note 24 ).   

   12.    Use scissors and carefully cut bands (rectangles) corresponding 
to the position of the AA standard in each sample ( see   Note 25 ).   

   13.    Use tweezers to transfer rectangles into 20 ml scintillation vials.   
   14.    Add 2.5 ml of methanol and shake vigorously.   
   15.    Add 10 ml of scintillation cocktail and count the radioactivity 

in a β-counter.       

4    Notes 

     1.    Having water at the bottom of the beaker helps to dissolve Tris 
quite easily, because the magnetic stir bar can work immedi-
ately. HCl (12 or 6 N) can be used to narrow the gap between 
the starting pH and the required pH. However, a sudden pH 
drop below the required pH should be avoided.   

   2.    This procedure must be performed in a radiochemistry 
laboratory.   

2 cm

2 cm 2 cm

1.5 cm

AA AA1 2 3 4

1.5 cm 1.5 cm 1.5 cm 1.5 cm

1 cm 1 cm

2 cm 2 cm 2 cm

Free fatty acid

Solvent front

AA AA1 2 3 4

a b

  Fig. 2    TLC chromatogram. ( a ) Preparation and spotting of TLC plate; ( b ) chromatogram developed with chloro-
form/methanol/ammonium hydroxide (85:15:0.1, vol/vol/vol), and then visualized with iodine       
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   3.    1-Oleoyl-2-arachidonoylglycerol is not commercially available, 
and should be obtained through collaborations, or it should 
be synthesized as detailed elsewhere [ 1 ]. Briefl y, 1-oleoyl-
2-arachidonoyl- sn -glycerol is obtained from the  R (−)solketal 
esterifi ed with oleic acid, using  N ′-(3- dimethylaminopropyl)- N -
ethylcarbodiimide hydrochloride/4-dimethylaminopyridin, and 
deprotecting the acetonide with hydrochloride/methanol. The 
primary alcoholic group is selectively protected with triisopropyls-
ilyl chloride, whereas the free secondary alcohol is esterifi ed with 
AA. Finally, the 1-oleoyl-2-arachidonoylglycerol is obtained by 
selectively removing the sylyl group with tetrabutylammonium 
fl uoride/acetic acid.   

   4.    In order to make the meniscus better visible, place a white card 
with a black mark behind the cylinder. Align the black mark so 
that it is just under the meniscus, and get your eye level with 
the bottom of the meniscus.   

   5.    AA is a colorless oil at room temperature, and weighting 2 mg 
AA by using an analytical balance might be quite diffi cult. Yet, 
AA density is 0.922 g/ml at 25 °C; therefore the best way to 
prepare a 10 mM solution is to take 2 μl of AA with a micropi-
pette and then transfer it to a glass vial containing 0.6 ml of 
methanol. Usually AA is delivered in glass ampules that should 
be spun slowly to allow all oil to reach the bottom.   

   6.    Mix chloroform and methanol in a 100 ml cylinder ( see   Note 
4 ), and then add 100 μl of ammonium hydroxide by means of 
a micropipette.   

   7.    A iodine chamber may be assembled as follows: add to a wide- 
mouth jar (with cap) a piece of fi lter paper and few crystals of 
iodine. The latter have a high vapor pressure, and the chamber 
will rapidly become saturated with iodine.   

   8.    It is best to add a volume of Tris–HCl that is 20 times that of 
the tissue sample.   

   9.    Press the pestle on to the sample with a twisting motion. The 
piston is moved up and down while twisting, to allow exposure 
of all sample sides to grinding. After the pestle has been turned 
360°, it is slowly removed from the tube (a strong vacuum 
helps to create shearing forces). This procedure must be 
repeated for at least 20 times on ice.   

   10.    Balance the tubes in the rotor by mass, not by volume. 
Balancing the masses to the nearest 0.1 g is advised.   

   11.    Avoid to dilute protein solution. Use as little buffer as possible 
to resuspend the pellet and to obtain a homogeneous protein 
solution.   

   12.    It is best to add protein solution as the last step. At this time 
the enzymatic reaction starts.   

Tiziana Bisogno
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   13.    Use only high-quality tubes. Make sure that the cap is closed 
properly, otherwise you might lose radioactive material and 
contaminate the surrounding environment.   

   14.    This step allows to denature proteins, to stop the enzymatic 
reaction and to extract lipids in the organic phase. Therefore, 
vigorous shaking is advised.   

   15.    Centrifugation of the mixture yields a good separation of the 
two phases (the lower organic phase and the upper aqueous 
phase), while proteins remain at the interface between them.   

   16.    If necessary, place parafi lm around the tube cap and store at 
−20 °C until the day of TLC analysis. Keep samples at 20 °C 
for no longer than 24 h.   

   17.    Whenever you run a TLC, make sure that there is a lid on the 
TLC chamber (that is the container that holds the TLC plate). 
Otherwise, the vapor pressure of the TLC solvent will be too 
low, and too much time will be needed to run TLC. To further 
aid saturation with solvent vapors, the inside of the TLC cham-
ber can be lined with fi lter paper.   

   18.    Never use a pen, and be careful not to scratch the surface of the 
plate. Indeed, you could disturb the thin layer of solid adsor-
bent, silica.   

   19.    Leave enough space between the samples, so that they do not 
overlap and do not spread laterally; six samples (including AA 
standard) can be accommodated in a 20 cm wide plate.   

   20.    Do not allow the spot to become too large. If necessary, you 
can blow on the spot and repeating this action will keep the 
wet area on the plate very small.   

   21.    When you place the TLC plate in the chamber, the level of the 
eluting solution must be below the spots. Otherwise, these will 
spread unpredictably over the plate, and results will be unreli-
able. If this happens, you have to prepare a new plate and stat 
all over again.   

   22.    Prevent the solvent from running over the edge of the plate.   
   23.    AA is a polyunsaturated fatty acid that has a good affi nity for 

iodine, and is easily visualized. Therefore, in our hands it is the 
best standard to use.   

   24.    Be careful to enclose the samples into rectangles of identical size. 
Also be careful not to scratch the surface of the plate, because 
you could disturb the silica layer and lose your samples.   

   25.    Pay attention when using scissors. Search for a pair of scissors 
that fi ts your hand. Cut the rectangle by rotating the plate with-
out removing scissors from it. Wear a mask to avoid breathing 
silica. Also be aware that silica might be easily detached from 
the plate, and therefore you could lose your sample.         

DAGL Assay
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    Chapter 17   

 Assay of Monoacylglycerol Lipase Activity                     

     Kwang-Mook     Jung      and     Daniele     Piomelli     

  Abstract 

   Monoacylglycerol lipase (MGL) is a serine hydrolase involved in the biological deactivation of the 
endocannabinoid 2-arachidonoyl- sn -glycerol (2-AG). 2-AG is one of the main endogenous lipid agonists 
for cannabinoid receptors in the brain and elsewhere in the body. In the central nervous system (CNS), 
MGL is localized to presynaptic nerve terminals of both excitatory and inhibitory synapses, where it helps 
control the regulatory actions of 2-AG on synaptic transmission and plasticity. In this chapter, we describe 
an in vitro method to assess MGL activity by liquid chromatography/mass spectrometry (LC/MS)-based 
quantitation of the reaction product. This method may be used to determine the basal or altered MGL 
activity in various cells or animal tissues after pharmacological, genetic, or biological manipulations. In 
addition, this assay can be used for MGL inhibitor screening using purifi ed recombinant enzyme or MGL- 
overexpressing cells.  

  Key words     Monoacylglycerol lipase (MGL)  ,   Enzyme assay  ,   2-Arachidonoyl- sn -glycerol (2-AG)  , 
  Arachidonic acid  ,   Liquid chromatography/mass spectrometry (LC/MS)  

1      Introduction 

    Monoacylglycerol lipase (MGL, also abbreviated MAGL or MGLL; 
EC 3.1.1.23, acylglycerol lipase), a member of the α/β-hydrolase 
domain (ABHD) family of serine hydrolases, catalyzes the conver-
sion of long-chain monoglycerides (   monoacylglycerols) into free 
fatty acids and glycerol (Fig.  1 ). The  MGLL  gene in humans 
encodes a 33 kDa protein composed of 303 amino acids (NCBI 
accession number: NP_001003794), which is responsible for the 
majority of MGL activity found in mammalian tissues [ 1 ,  2 ]. Other 
mammalian proteins contributing to this activity are ABHD6 and 
ABHD12 [ 3 ,  4 ].

   MGL contains the GXSXG consensus motif common to most 
serine hydrolases, and harbors a catalytic triad composed of serine, 
aspartate, and histidine residues (Ser122-Asp239-His269 in 
human MGL) [ 1 ,  2 ]. Crystal structures (Protein Data Bank acces-
sion codes: 3HJU and 3JW8) indicate the presence of a canonical 
α/β-hydrolase fold characterized by a central β-sheet surrounded 
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by six α-helices (α1, α2, α3, α6, α7, and α8). In addition, α-helices 
α4, α5, and α6 form an U-shaped cap (or “lid”) domain that is 
likely to open upon interfacial activation allowing access of 
 substrates to the enzyme’s active site [ 5 ,  6 ]. 

 MGL is highly expressed in the central nervous system (CNS) 
[ 1 ,  2 ,  7 ], where it is the primary enzyme responsible for the hydro-
lytic degradation of the endocannabinoid, 2-arachidonoyl-  sn -
glycerol (2-AG), into  free   arachidonic acid  and   glycerol [ 8 – 11 ] 
(Fig.  1 ). Approximately 85 % of the 2-AG-hydrolyzing activity 
found in the rodent brain is attributable to this protein [ 1 ,  3 ,  12 , 
 13 ]. MGL is also present in peripheral tissues where, in addition to 
degrading 2-AG, it completes the hydrolysis of triacylglycerols ini-
tiated by hormone-sensitive lipase and  triacylglycerol      lipase [ 14 ]. 

 Earlier methods to measure MGL activity employed radioac-
tive substrates such as 2-[ 3 H]arachidonoylglycerol and thin-layer 
chromatographic separation, to assess radioactivity in breakdown 
products [ 1 ]. Advances in liquid chromatography/mass spectrom-
etry (LC/MS) technology and greater availability of LC/MS 
instruments have contributed to the development of innovative 
methods for lipid analyses with greatly improved sensitivity, fi delity, 
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and accuracy [ 15 ,  16 ]. Here, we describe  an   LC/MS-based MGL 
assay that is routinely used in our laboratory [ 11 ,  13 ,  17 ]. The 
protocol includes details on enzyme preparation,    lipid extraction, 
LC/MS analysis, and data processing.  

2    Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents. LC-grade solvents must be used for LC/MS analyses. 

     2-Oleoylglycerol (2-monoolein, 2-OG) (Sigma-Aldrich, St. Louis, 
MO, USA), heptadecanoic acid, and oleic acid (Nu-Chek Prep, 
MN, USA).  

       1.    MGL homogenization buffer: 50 mM Tris–HCl, pH 8.0. 
Prepare 10× MGL homogenization buffer (0.5 M Tris–HCl, 
pH 8.0) and dilute to 1× when needed. For the 10× solution, 
weigh 60.57 g Tris and transfer to a glass graduated fl ask con-
taining approximately 900 ml of water. Mix and adjust pH to 
8.0 by adding HCl drop by drop. Add water to adjust the 
volume to 1 l. Store at 4 °C.   

   2.    MGL reaction buffer: 50 mM Tris–HCl, pH 8.0, 0.05 % fatty 
acid-free bovine serum albumin (BSA). Weigh 25 mg of fatty 
acid-free BSA and dissolve them in 50 ml of 1× MGL 
Homogenization buffer. Store at 4 °C for 1–2 weeks.   

   3.    10× substrate solution: 0.1 mM 2-OG. Prepare just before use 
( see   Note 1 ).   

   4.    Stop solution: 100 % methanol containing internal standard 
(5 nmol heptadecanoic acid per sample). Prepare just before 
use ( see   Note 2 ).   

   5.    Complete growth medium for HeLa cells: Dulbecco’s modi-
fi ed Eagle medium plus 10 % fetal bovine serum and penicil-
lin/streptomycin.      

       1.    Mobile phase A: Methanol, 0.25 % acetic acid, 5 mM ammo-
nium acetate.   

   2.    Mobile phase B: Water, 0.25 % acetic acid, 5 mM ammonium 
acetate.       

       1.    Tissue homogenizer.   
   2.    Vortex mixer.   
   3.    Water bath (37 °C).   
   4.    Low-speed refrigerated centrifuge.   
   5.    Spectrophotometer.   

2.1  Reagents

2.1.1  Lipids

2.1.2  Buffers 
and Growth Medium

2.1.3  Solvents 
and Chemicals

2.2  Equipment
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   6.    LC/MS system equivalent to or higher than Agilent 1200-LC 
system with autosampler linked to Ion Trap XCT or single- 
quadrupole 1946D MS detectors, and interfaced with ESI or 
APCI (Agilent Technologies, Wilmington, DE).   

   7.    High-purity N 2  gas for sample drying.   
   8.    Chemical fume hood ( see   Note 3 ).      

       1.    Glass tubes (13 × 100 mm) or glass vials (8 ml) with Tefl on 
liner cap.   

   2.    Glass vials (1.5 ml) for LC/MS autosampler and conical inserts.   
   3.    Glass pipettes and pipette aid.   
   4.    (Micro)centrifuge tubes, micropipettes, and pipette tips.   
   5.    Vial and tube racks.   
   6.    5′ Glass Pasteur pipettes. Plug with sterile hydrophilic cotton.   
   7.    LC column: Reverse-phase Zorbax XDB Eclipse C18 column 

(50 × 4.6 mm i.d., 1.8 μm, Agilent Technologies) or 
equivalent.       

3    Methods 

   Comparative MGL assays can determine the basal or altered 
MGL activity in cells or  in   animal tissues under various condi-
tions. Also, in vitro MGL activity assays can be performed to 
screen  MGL   inhibitors using MGL-overexpressing cells or puri-
fied recombinant enzyme ( see   Note 4 ). The following is a 
general protocol for enzyme preparation, which can be adapted 
by individual laboratories. 

        1.    Culture cells in appropriate tissue culture dishes, and treat 
them with test drug(s) if required.   

   2.    On the day of harvesting cells, prepare an ice bucket, micro-
centrifuge tubes, glass tubes, and/or glass vials. Label tubes 
and vials appropriately.   

   3.    Aspirate/discard the cultured media and  wash   cell cultures 
twice with a suffi cient volume of ice-cold phosphate-buffered 
saline (PBS). Remove PBS completely.   

   4.    Add ice-cold MGL homogenization buffer (1 ml per a 100 mm 
culture dish). Scrape and collect cells in (micro)centrifuge tubes.   

   5.    Homogenize the cells using a tissue homogenizer or sonicator 
on ice. Settings may vary depending on the system ( see   Note 5 ). 
Be careful to prevent samples from heating up during 
homogenization.   

   6.    Centrifuge samples for 10 min at 1000 ×  g  at 4 °C. Carefully 
collect the supernatant into clean tubes.   

2.3  Supplies 
and Apparatuses

3.1  Enzyme 
Preparation

3.1.1  Cell Homogenate
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   7.    Determine protein concentration of the supernatant using the 
bicinchoninic acid (BCA) assay or Bradford protein assay, with 
BSA as a standard ( see   Note 6 ).      

       1.    Collect the tissues of interest. If the tissues are going to be 
processed right away, keep them in cold MGL homogenization 
buffer on ice. Otherwise, snap-freeze them after sacrifi ce using 
liquid N 2  or powdered dry ice.   

   2.    Place the (frozen) tissues into 10 tissue volumes of MGL 
homogenization buffer in an appropriate tube.   

   3.    Homogenize the tissues using a tissue homogenizer or sonica-
tor on ice. Be careful to prevent samples from heating up dur-
ing homogenization. Settings may vary depending on the 
homogenization system and the amount and nature of tissue 
( see   Note 5 ).   

   4.    Centrifuge the samples for 10 min at 1000 ×  g  at 4 °C. Carefully 
collect the supernatant into clean tubes.   

   5.    Determine protein concentration of the supernatant by using 
the BCA assay or Bradford protein assay with BSA as a stan-
dard ( see   Note 6 ).      

       1.    The day  before   transfection, detach HeLa cells from culture 
dishes by trypsin treatment and count them. Plate cells into 
100 mm dishes using complete growth medium. The optimal 
number of cells to be plated varies depending on the transfec-
tion method.   

   2.    Transfect the cells with plasmid DNA encoding MGL under a 
strong mammalian promoter. Our laboratory uses vectors 
encoding rat MGL under the human EF-1α promoter [ 17 ].   

   3.    Incubate the cells at 37 °C in a CO 2  incubator for 24–72 h 
 after   transfection.   

   4.    Prepare cell homogenate according to Subheading  3.1.1 .   
   5.    Confi rm MGL expression by Western blotting or other meth-

ods ( see   Note 7 ).       

   The fi nal reaction consists of 50 mM Tris–HCl, pH 8.0, 0.05 % 
fatty acid-free BSA, an appropriate amount of enzyme, and 10 μM 
2-OG, in a total reaction volume of 0.5 ml. If required, MGL can 
be pre-incubated with test drugs for 10 min, alongside an appro-
priate vehicle. MGL activity is unaltered by dimethyl sulfoxide 
(DMSO) at concentrations ≤1 %.

    1.    Design the experiment. Determine the volume of enzyme 
source ( χ  μl) that will be used for the assay, referring to the 
protein quantitation results ( see   Note 8 ). Run all reactions in 
triplicate. Include a blank triplicate assayed without any enzyme 
for blank subtraction.   

3.1.2  Tissue 
Homogenate

3.1.3  Homogenate 
of MGL- Overexpressing 
HeLa Cells

3.2  Setting 
Up the Enzyme 
Reaction
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   2.    Label glass tubes (13 × 100 mm) or glass vials (8 ml). Place 
them on ice.   

   3.    Add (450 −  χ ) μl of MGL reaction buffer and  χ  μl of enzyme 
source.   

   4.    If testing a drug, add it to the mixture, vortex gently, and incu-
bate in a 37 °C water bath for 10 min.   

   5.    Quickly add 50 μl of 10× substrate, vortex, and incubate at 
37 °C for 30 min.      

       1.    Quench the reaction by adding 1 ml of Stop solution to each 
sample.   

   2.    Add 2 ml of chloroform.   
   3.    Vortex for about 60 s.   
   4.    Add 0.5 ml of water.   
   5.    Vortex for about 60 s.   
   6.    Centrifuge the samples at 4 °C, 2000 ×  g  for 15 min. After 

centrifugation, the mixture should be separated into two 
phases with a whitish protein disk at the interface. The lower 
phase is mainly chloroform and contains most of the lipids; the 
upper phase is methanol and water containing more polar 
metabolites.   

   7.    Prepare another set of 8 ml glass vials with the same labeling.   
   8.    Collect the lower (organic) phase using a glass Pasteur pipette 

attached to a pipette aid (do not pipette by mouth!). Carefully 
transfer the organic phase to a new 8 ml glass vial ( see   Note 9 ). 
Discard the protein disk and the upper (aqueous) phase ( see  
 Note 10 ).   

   9.    Evaporate the solvent to dryness in the vials with a gentle N 2  
stream ( see   Note 11 ).   

   10.    Resuspend the dried lipids in 0.1 ml of chloroform:methanol 
(1:3, vol/vol) mixture.   

   11.    Transfer them into 1.5 ml glass LC vials with 0.2 ml conical 
inserts and proceed to LC/MS analysis.      

       Fatty acids are identifi ed based on their retention times and MS 
properties.

    1.    Set up the column and the LC/MS parameters. We use a 
reverse-phase Zorbax XDB Eclipse C18 column (50 × 4.6 mm 
i.d., 1.8 μm, Agilent Technologies). Detection and analysis are 
performed using Agilent Chemistation and Bruker Daltonics 
software.   

   2.    Lipids are eluted with a linear gradient from 90 to 100 % of A 
in B for 2.5 min at a fl ow rate of 1.5 ml/min with the column 

3.3  Lipid Extraction

3.4  LC/MS Analysis
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temperature at 40 °C. ESI is in the negative mode, capillary 
voltage is set at 4 kV, and the fragmentor voltage is 100 V. N 2  
is used as a drying gas at a fl ow rate of 13 l/min and a tempera-
ture of 350 °C. Nebulizer pressure is set at 60 psi. Fatty acids 
are measured by monitoring the mass-to-charge ratio ( m / z ) of 
deprotonated molecular ions [M−H] −  in selected ion monitor-
ing mode.   

   3.    Extract chromatograms for oleic acid and heptadecanoic acid 
from LC/MS runs: For oleic acid,  m / z  = 281, and for hep-
tadecanoic acid,  m / z  = 269. Figure  2  shows a representative 
LC/MS chromatogram, where the integrated peak area can be 
obtained using the LC/MS software.

           The   fatty acid product of MGL activity in this assay, oleic acid 
(18:1Δ 9  FA), is quantifi ed using the internal standardization 
method. Briefl y, the method consists in adding known amounts of 
a structurally related internal standard to the sample under analysis. 
Unlike traditional analytical methods that rely on signal intensity, 
this method employs signal ratios. 

 In the current method, a fi xed amount of standard heptadeca-
noic acid (17:0 FA) is added to the sample immediately following 
the incubation. Extracted chromatograms for oleic acid and hep-
tadecanoic acid from LC/MS analyses are used to obtain the inte-
grated peak area and the ratio of oleic acid to heptadecanoic acid 
for each sample. Then, the amount of oleic acid is determined 
based on a standard curve that is generated from mixtures of oleic 
acid and heptadecanoic acid with known ratios. This protocol is 

3.5  Calculation 
of MGL Activity

  Fig. 2    Representative LC/MS chromatograms of oleic acid and heptadecanoic acid. Signals from LC/MS are 
extracted for oleic acid ( m / z  = 281) and heptadecanoic acid ( m / z  = 269).  Insets  show the peak integration 
summary report       
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very similar to the isotope dilution method that is commonly used 
to determine the quantity of endocannabinoids such as 2-AG  and    
anandamide [ 15 ]. 

       1.    Prepare 1 mM heptadecanoic acid and 1 mM oleic acid in a 
chloroform:methanol (1:3, vol/vol) mixture. Mix equal parts 
of 1 mM heptadecanoic acid and 1 mM oleic acid, to make the 
standard for 5 nmol oleic acid.   

   2.    Dilute 1 mM oleic acid twofold with a chloroform:methanol 
(1:3, vol/vol) mixture to make 0.5 mM oleic acid solution. 
Mix equal parts of 1 mM heptadecanoic acid and 0.5 mM oleic 
acid, to make standard for 2.5 nmol oleic acid.   

   3.    Dilute 0.5 mM oleic acid twofold with chloroform:methanol 
(1:3, vol/vol) mixture to make 0.25 mM oleic acid solution. 
Mix equal parts of 1 mM heptadecanoic acid and 0.25 mM 
oleic acid, to make standard for 1.25 nmol oleic acid.   

   4.    Repeat twofold serial dilution of oleic acid and mix with 1 mM 
heptadecanoic acid to obtain (in nmol) 0.625, 0.3125, 
0.15625, 0.078125, 0.0390625, and 0.01953125 standards.   

   5.    Run each standard in duplicate by LC/MS. Generate a stan-
dard curve using the average peak area of the duplicates of each 
standard. The  Χ -axis is the quantity (nmol) of oleic acid and 
the  Υ -axis is the ratio of oleic acid to heptadecanoic acid (Fig.  3 ) 
( see   Note 12 ).

3.5.1  Standard Curve
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  Fig. 3    A representative standard curve. An example standard curve for oleic acid 
quantitation using 5 pmol heptadecanoic acid as an internal standard is shown 
here. The result from a linear regression analysis of the data is also displayed. 
 Inset : Magnifi cation of the same graph in the range of 0–0.625 nmol oleic acid. 
18:1 FA, oleic acid; 17:0 FA, heptadecanoic acid       

 

Kwang-Mook Jung and Daniele Piomelli



165

              1.    Using the peak area of samples obtained in Subheading  3.4 , 
 step 3 , determine the ratio of oleic acid to heptadecanoic acid 
for each sample. Then, calculate the quantity of oleic acid by 
entering this ratio into the standard curve.   

   2.    Calculate the quantity of oleic acid from the blank samples. 
Subtract the average of the blank samples from each  sample run.   

   3.    Normally,  enzyme   specifi c activity can be displayed as the 
amount of product formed per unit time and protein. In the 
current assay, MGL-specifi c activity is calculated as follows: 

specifi c activity (nmol/[min mg of protein]) = oleic acid (nmol) × 1000/μg 
protein added to reaction × 30.        

4    Notes 

     1.    First, prepare 10 mM 2-OG stock solution in DMSO and 
divide it into small aliquots (10–100 μl). Store at −20 °C. Avoid 
repeated freeze-thaw. Just before use, dilute the aliquot 100 
times with MGL reaction buffer (e.g., add 10 μl of 10 mM 
2-OG to 990 μl MGL reaction buffer) and vortex to make 
10× substrate solution.   

   2.    First, prepare 10 mM heptadecanoic acid stock solution in 
chloroform in a glass vial with Tefl on liner cap. Protect from 
light and store at −20 °C. Just before use, warm the 10 mM 
heptadecanoic acid stock solution at room temperature for 
about 5 min, and vortex. Prepare the Stop solution by adding 
the appropriate amount of 10 mM heptadecanoic acid stock 
solution to methanol, according to the number of samples to 
be analyzed (e.g., for ten samples, add 5 μl of 10 mM hep-
tadecanoic acid stock solution in 10 ml of cold methanol). 
Keep on ice until use.   

   3.    All procedures involving the use of chloroform should be han-
dled in a chemical fume hood.   

   4.    Our laboratory uses the pET15b vector system (Novagen, La 
Jolla, CA, USA) that produces rat MGL protein with an 
N-terminal 6x histidine tag. MGL is over-expressed in Rosetta 
2(DE3)pLysS  E. coli  cells (Novagen), by using isopropyl-β- D - 
thiogalactopyranoside (IPTG) induction, and is purifi ed from 
the 1 % Triton X-100-soluble fraction using a TALON col-
umn (Clontech, Mountain View, CA). For additional details, 
refer to our previous publication [ 13 ].   

   5.    We use a Branson probe-type sonicator (Digital Sonifi er 250, 
Branson Ultrasonics, Danbury, CT, USA) for cell homogeni-
zation, and a Polytron homogenizer (PT 6100, Kinematica 
AG, Luzern, Switzerland) for tissue homogenization. For 
example, we use 1-s pulse on-1-s pulse off, 10-s total running 

3.5.2  Calculations

MGL Assay
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time for the Branson probe-type sonicator. Using the Polytron 
homogenizer, we homogenize tissues for 30 s to 1 min. All 
procedures should be done on ice and the samples should be 
kept cold at all times.   

   6.    We determine protein concentration using a BCA assay kit 
(Life Technologies), and a spectrophotometer, following the 
manufacturer's manual.   

   7.    We confi rm MGL overexpression by Western blot using either 
anti- MGL   antibody [ 1 ] or antibody for the C-terminal tag 
sequence of recombinant MGL [ 11 ]. Alternatively, quantita-
tive PCR or MGL activity assay can be performed [ 11 ].   

   8.    Determining the amount of protein being used for the assay is 
an important factor for success. As shown in Fig.  4 , the incre-
ment of MGL enzyme in the assay shall eventually result in 
depletion of substrate, which causes the concentration of 
product to reach a plateau and saturate the assay system. 
Therefore, a comparative study must use protein amounts 
within the linear range of the dose-response relationship 
(1–10 ng for the purifi ed MGL, inset of Fig.  4 ). Although the 
concentration of the 2-OG substrate vastly exceeds the con-
centration of enzyme under normal conditions, it is recom-
mended to run an enzyme dose-response curve whenever a 
new type of protein source (cells, tissues, etc.) is used. In our 
laboratory, we use 0.2–5.0 μg protein for HeLa MGL homog-
enate, 10–50 μg for cell or brain homogenate, or 1–10 ng for 
purifi ed recombinant MGL.
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  Fig. 4    Dose-response curve for the MGL assay. MGL activity assay was performed 
as described in this chapter, using the indicated amounts of purifi ed recombinant 
MGL.  Inset  shows the linear range of the dose-response relationship (0–10 ng 
purifi ed MGL protein)       

 

Kwang-Mook Jung and Daniele Piomelli



167

       9.    When the bottom organic phase is removed, it is important not 
to contaminate it with the upper aqueous phase. We suggest 
inserting the tip of the glass Pasteur pipette through the upper 
phase while giving a very gentle positive pressure (which will 
result in a gentle bubbling). When the tip has reached the bot-
tom layer, carefully withdraw the organic phase from the very 
bottom of the glass tube. To prevent contamination, it is better 
not to try recovering the last drops from the bottom phase, 
instead leaving 5–10 % of the phase in the vial.   

   10.    At this step, the procedure can be stopped. Keep the organic 
phase at −20 °C.   

   11.    ( Optional )  After   step 9 , the sample can be further purifi ed by 
open-bed silica column purifi cation if better separation is required 
for LC/MS analysis. Follow the  steps Opt 1  to  Opt 9  below.     
 Opt 1. Reconstitute the dried lipid pellet from  step 9  in 2 ml 

of chloroform. 
 Opt 2. Prepare a suspension of Silica Gel G (60-Å 

230–400 Mesh ASTM; Whatman, Clifton, NJ) in chloro-
form (1:1, vol/vol). 

 Opt 3. Add 1 ml of the Silica Gel G suspension to the glass 
columns. 

 Opt 4. Wash the columns with 2 ml of chloroform. 
 Opt 5. Load the samples onto the columns. Wait until all liq-

uid drops down by gravity. 
 Opt 6. Elute the lipids with 2 ml of chloroform/methanol 

(9:1, vol/vol), and collect the eluate in another set of 
8 ml glass vials with the same labeling. 

 Opt 7. Evaporate the eluate to dryness under a gentle N 2  stream. 
 Opt 8. Resuspend the dried lipids in 0.1 ml of 

chloroform:methanol (1:3, vol/vol) mixture. 
 Opt 9. Transfer them into 1.5 ml glass LC vials with 0.2 ml 

conical inserts, and proceed to LC/MS analysis.
    12.    The standard curve may be used to obtain oleic acid levels only 

when 5 nmol heptadecanoic acid is used as an internal standard. 
It is recommended to renew the standard curve periodically.         
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    Chapter 18   

 A Sensitive and Versatile Fluorescent Activity Assay 
for ABHD6                     

     Juha     R.     Savinainen    ,     Dina     Navia-Paldanius    , and     Jarmo     T.     Laitinen      

  Abstract 

   The α/β-hydrolase domain-containing 6 (ABHD6) enzyme is a newly found serine hydrolase whose sub-
strate profi le resembles that of monoacylglycerol lipase (MAGL), the major 2-arachidonoyl glycerol 
(2-AG) hydrolase in the brain. Here, we describe a sensitive fl uorescent assay of ABHD6 activity in a 
96-well-plate format that allows parallel testing of inhibitor activities of up to 40 compounds in a single 
assay. The method utilizes lysates of HEK293 cells transiently overexpressing human ABHD6 as the enzy-
matic source, and kinetically monitors glycerol liberated in the hydrolysis of 1(3)-AG, the preferred arachi-
donoyl glycerol isomer. Glycerol output is coupled to an enzymatic cascade generating the fl uorescent 
end-product resorufi n. The approach has major benefi ts compared to laborious traditional mass spectro-
metric methods and liquid scintillation-based assays, or approaches using unnatural substrates.  

  Key words     2-AG hydrolase  ,   Endocannabinoid  ,   Fluorescence  ,   Glycerol  ,   Inhibitor  ,   Lipase  , 
  Monoacylglycerol  ,   Natural substrate  ,   Screening  

1      Introduction 

 The  endocannabinoid   2-arachidonoyl glycerol (2-AG) is a  unique 
  bioactive lipid that, based on recent evidence, has three major hydro-
lyzing enzymes in the body:    monoacylglycerol lipase (MAGL), α/β-
hydrolase domain-containing 6 (ABHD6), and 12 (ABHD12) [ 1 ]. 
The newly characterized ABHD6 has been associated with 2-AG 
metabolism both in the central nervous system [ 2 ] and in peripheral 
tissues [ 3 ]. It is estimated that at the bulk brain level, ~4 % of 2-AG 
hydrolysis is due to ABHD6 [ 4 ]. The MAG substrate profi le of 
human ABHD6 (hABHD6) closely resembles that of hMAGL with 
the exception that hABHD6 prefers the MAG 1(3)-isomers over 
2-isomers, as shown in our previous in vitro study [ 5 ]. Retrospectively, 
development of sensitive and rapid methods to monitor endocan-
nabinoid hydrolysis has appeared challenging, probably mostly 
because of instability and lipophilic nature of 2-AG and other endo-
cannabinoids. Mass spectrometric approaches in this fi eld appear 
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rather laborious. On the other hand, relying on radioactive-based 
liquid scintillation analysis has many disadvantages. Here, we 
describe in detail a sensitive fl uorescence-based method for assess-
ment of hABHD6 activity and its inhibition in 96-well-plate format, 
based on our recent publication [ 5 ]. The method relies on detection 
 of   glycerol liberated from the natural MAG substrate 1(3)-AG as a 
result of ABHD6 hydrolytic activity. Glycerol is then converted by a 
coupled-enzyme system to generate the fl uorescent end-product 
resorufi n. The principle of the coupled-enzyme system to detect 
glycerol formed by ABHD6 activity is detailed in Fig.  1 .

   The method is highly sensitive, allowing detection of low pico-
molar quantities of the enzymatic product (water-soluble glycerol), 
and requires only a small amount of lysate (0.3 μg protein/well) 
prepared from HEK293 cells transiently overexpressing hABHD6. 
 The   kinetic assay format has been validated for the three 2-AG 
hydrolases (hMAGL, hABHD6, and hABHD12) [ 5 ], and has 
been recently modifi ed further to allow diacylglycerol lipase 
(DAGL) activity measurements [ 6 ].  

2    Materials 

 Prepare all solutions using Millipore-purifi ed, deionized high- 
quality water (HQW). Store buffer stocks at room temperature 
(RT) and other reagents at −80 °C ( see   Note 1 ). 

       1.    500 mM Tris–HCl, pH 7.4: Dissolve 60.55 g Tris in 800 ml of 
HQW with constant stirring for at least 2 h. Adjust pH to 7.40 
with strong HCl, adjust volume to 1 l with HQW. Store at RT 
in a dark bottle.   

2.1  Basic Incubation 
Cocktail

  Fig. 1    Principle of the coupled-enzyme system to detect ABHD6 activity. ABHD6- 
catalyzed hydrolysis of 1(3)-AG generates equimolar amounts of arachidonic 
acid (AA) and glycerol. In the coupled-enzyme system, glycerol is converted to 
glycerol-1-phosphate (G-1-P) in the presence of ATP, in a reaction catalyzed by 
glycerol kinase (GK). Glycerol 3-phosphate oxidase (GPO)-catalyzed oxidation of 
G-1-P generates H 2 O 2  which in the presence of horseradish peroxidase (HRP) 
converts Amplifu™ Red into the fl uorescent product resorufi n whose fl uores-
cence ( λ  ex  530 nm;  λ  em  590 nm) is kinetically monitored       
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   2.    100 mM EDTA: Dissolve 3.7224 g Na 2 EDTA in 100 ml of 
HQW. Store at 4 °C in a dark bottle.   

   3.    500 mM MgCl 2 : Dissolve 20.33 g MgCl 2 ·6H 2 O in 200 ml of 
HQW. Store at 4 °C in a dark bottle.   

   4.    4 M NaCl: Dissolve 23.376 g NaCl in 100 ml of HQW. Store 
at 4 °C in a dark bottle.   

   5.    Basic incubation cocktail (BIC): Prepare BIC from the fresh stocks 
by pipetting 50 ml of 500 mM Tris–HCl (pH 7.4) in a 250 ml 
volumetric fl ask. Add 5 ml of 100 mM EDTA, 5 ml of 500 mM 
MgCl 2 , and 12.5 ml of 4 M NaCl, and adjust the volume to 250 ml 
with HQW. Final concentrations of the buffer components are 
100 mM Tris–HCl (pH 7.4), 2 mM EDTA, 10 mM MgCl 2 , and 
200 mM NaCl. Store at RT in a dark bottle.      

   For the preparations of coupling enzyme stocks (GPO, GK, HRP, 
see details below) in HQW, calculate the amount of HQW needed 
for the stock preparation, which depends on  the   specifi c activity of 
each enzyme batch. Mix well and divide in 25 μl single-use aliquots 
for storage at −80 °C. Thaw one aliquot of each just prior to the 
experiment and keep on ice until use.

    1.    200 U/ ml   glycerol 3-phosphate oxidase (GPO) in HQW: 
GPO from  Pediococcus  sp. (Sigma), 100 U, 40–80 U/mg 
solid, pH 8.1.   

   2.    200 U/ml glycerokinase (GK) in HQW: GK from  Cellulomonas  
sp. (Sigma), 1000 U, 25–75 U/mg protein.   

   3.    240–250 U/ml horseradish peroxidase (HRP) in HQW: HRP 
(Sigma), 5000 U, 45 mg solid.    

         1.    10 mM Amplifu Red™ in DMSO: Dissolve the vial content of 
Amplifu Red™ (Fluka) in DMSO (e.g., 5 mg in 1944 μl) and 
divide in 25 μl single-use aliquots to be stored at −80 °C. Thaw 
one aliquot just prior to the experiment and protect from light 
( see   Note 2 ).   

   2.    10 mM ATP in HQW: This needs to be prepared fresh for each 
experiment. Weigh ATP and dissolve in HQW just prior to 
use, e.g., 2.536 mg/0.5 ml of HQW. Keep on ice until use.   

   3.    5 % BSA (w/v) in HQW: Carefully dissolve BSA ( essentially 
  fatty acid free) with constant stirring, e.g., 10 g in 200 ml 
of HQW. Divide in 1 ml aliquots for storage at −20 °C ( see  
 Note 3 ).   

   4.    10 mM 1(3)-AG in ethanol: 1(3)-AG is commonly supplied in 
acetonitrile. Transfer 5 mg 1(3)-AG into a preweighed 
Eppendorf tube, evaporate the solvent under a stream of 
nitrogen, weight the residue, and dissolve in ethanol 
(1321 μl/5 mg). Divide in 100 μl aliquots for storage at −80 °C.   

2.2  Components 
of the Coupled- 
Enzyme System

2.3  Other Reagents

Assay of ABHD6 Activity



172

   5.    DMSO for control samples and for dilution of  ABHD6   inhibitors.   
   6.    Phosphate-buffered saline (PBS) for the preparation and dilu-

tion of cellular lysates.   
   7.    10 mM Tetrahydrolipstatin (THL) in DMSO: Weigh, e.g., 

2.55 mg THL and dissolve it in 514 μl of DMSO. Divide in 
10 μl aliquots for storage at −80 °C. THL serves as a reference 
inhibitor and is included at 10 −5  and 10 −7  M concentrations in 
each experiment to monitor assay performance ( see   Note 4 ). 
Prepare 1 mM and 10 μM intermediate dilutions in DMSO; 
these will give 10 −5  and 10 −7  M fi nal concentrations during the 
preincubation with the enzyme (1:100 ratio).      

       1.     Glycerol   (liquid with a density of 1.25 g/ml): 1 μl corresponds 
to 13.57 μmol glycerol (13.57 M stock). This needs to be 
diluted several times, in order to reach the pmol concentration 
range.   

   2.    Std-A: Dilute glycerol stock 1:100 with HQW as follows: 
Weigh 125 mg of glycerol into a 10 ml volumetric fl ask, and 
dilute to 10 ml ⇒ 1 μl corresponding to 135.7 nmol glycerol. 
This can be divided into 0.5 ml aliquots for storage at −20 °C.   

   3.    Std-B: Dilute Std-A 1:100 with HQW (10 μl + 990 μl) ⇒ 1 μl 
corresponding to 1.357 nmol glycerol.   

   4.    Glycerol quality control (GQC): Prepare a larger volume 
(50 ml) by pipetting 25 ml of BIC + 5 ml of 5 % (w/v) 
BSA + 50 μl Std-B + HQW. Divide in 900 μl aliquots for stor-
age at −20 °C. In the assay, pipette 99 μl of GQC together with 
DMSO  or   inhibitors (1 μl). This equals to 134 pmol glycerol 
per well ( see   Note 5 ).      

       1.    Dulbecco’s modifi ed Eagle’s medium (DMEM).   
   2.    Fetal bovine serum (FBS).   
   3.    Antibiotics (penicillin and streptomycin).      

       1.    Black 96-well plates suitable  for   fl uorescence reading.   
   2.    Automatic (or manual) multichannel pipettes for rapid pipetting of 

enzyme dilutions and the glycerol assay mix (containing substrate 
and the coupling enzymes). Normal set of pipettes is needed for 
preparation of inhibitor dilutions and other assay components.   

   3.    Plastic pipetting reservoirs for multichannel pipetting substrate 
mix and enzyme dilutions ( see   Note 1 ).   

   4.     A   fl uorescence reader capable of kinetic measurements 
( λ  ex  530 nm;  λ  em  590 nm) ( see   Note 6 ).   

   5.    Equipment for  cell   culture.       

2.4  Glycerol 
Standards 
and Glycerol Quality 
Control

2.5  Reagents  for   Cell 
Culture

2.6  Equipment
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3    Methods 

 We have validated the assay by using lysates of HEK293 cells transiently 
overexpressing hABHD6 [ 5 ]. HEK293 cells have negligible endoge-
nous ABHD6 activity and thus serve as excellent host cells for transient 
overexpression of the enzyme. The fl uorescent assay is highly sensitive 
requiring merely 0.3 μg of lysate protein/well [ 5 ]. Under these condi-
tions, 1(3)-AG hydrolysis by the cellular background is low and the 
signal-to-noise is therefore optimal [ 5 ]. We recommend including also 
mock- transfected HEK293 cells as negative control, in order to facili-
tate verifi cation of successful ABHD6 expression ( see   Note 7 ). 

       1.       Transfection: Culture HEK293 cells as monolayers in DMEM 
containing 10 % FBS under antibiotics (penicillin/streptomycin) 
at 37 °C in a humidifi ed atmosphere of 5 % CO 2 /95 % air. Use 
plasmids containing ABHD6 for introducing cDNAs to cells by a 
standard transient transfection procedure [ 5 ]. Culture mock cells 
(i.e., cells transfected with an empty vector) in parallel to facilitate 
verifi cation of successful enzyme expression and activity.   

   2.    Preparation of cell lysates: Wash cells twice with ice-cold 
PBS. Scrape off and pellet cells at 250 ×  g  for 10 min at 4 °C. Freeze-
thaw cell pellets three times, resuspend in ice-cold PBS, briefl y 
sonicate, and aliquot for storage at −80 °C. Determine protein 
concentration by using BSA as a standard. For the assay, dilute an 
aliquot to a protein concentration of 3 mg/ml using PBS. Total 
volume required for a full 96-well plate is 10 μl ( see   Note 8 ).   

   3.    Analysis of ABHD6 expression: We recommend verifying suc-
cessful expression of ABHD6 before routine use in  the   glycerol 
assay, preferentially by using activity-based protein profi ling 
(ABPP), as this method discloses a catalytically active enzyme 
with proper size [ 5 ]. If this methodology is not available, Western 
blotting can be used to detect immunoreactive protein [ 5 ].      

   Carry out all procedures at RT unless otherwise specifi ed. Here, 
we detail our routine assay platform for 96-well plates allowing 
determination of hABHD6 hydrolytic activity together with  activ-
ity   screening of potential  hABHD6   inhibitors. With this setup, up 
to 40 distinct inhibitors (or different concentrations of selected 
inhibitors) can be tested in duplicates in a single full-plate assay. 
The procedure can be completed within 3–4 h. 

  Overview of the method . Final volume per well is 200 μl. The sol-
vent (DMSO) or the inhibitors are fi rst pipetted in a volume of 1 μl 
into appropriate wells of the 96-well plate (Fig.  2 ). After this, 99 μl 
of blank buffer (without enzyme), hABHD6-HEK lysate (0.3 μg 
protein/well), or GQC (134 pmol glycerol/well) will be added to 
the indicated wells using a multichannel pipette, and the plate  is 

3.1  Enzyme 
Preparation

3.2  Activity Assay
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  vortexed and incubated for 30 min at RT. Following this, glycerol 
assay mix (100 μl/well) containing the substrate and the coupled-
enzyme system is added to all wells using a multichannel pipette, 
the plate is vortexed,  and   fl uorescence is kinetically monitored at 
10-min intervals for 90 min at RT.

     1.    Pipetting DMSO/inhibitors into the wells: Prepare 10  mM   inhibi-
tor stocks in DMSO ( see   Note 9 ). The stocks are further diluted in 
DMSO, so that the solutions to be pipetted into the wells (1 μl) 
are 100-fold concentrated over the desired fi nal concentrations 
during the preincubation. For wells without inhibitor, use 1 μl of 
DMSO ( see   Note 10 ). In each experiment, include THL at the 
two fi nal concentrations (10 −7  and 10 −5  M) as the reference inhibi-
tor, in order to monitor assay performance ( see   Note 4 ).   

   2.    Preincubation of enzyme with DMSO/inhibitors: Prepare the 
blank buffer and the hABHD6-HEK lysate working dilution 
into test tubes according to Table  1 . Transfer the solutions 
into plastic reservoirs, and by using a multichannel pipette add 
99 μl into indicated wells (Fig.  2 ). Finally, pipette 99 μl of 
GQC into indicated wells (Fig.  2 ) ( see   Note 11 ). At this stage, 
all wells should have a total volume of 100 μl. Vortex the plate 
and incubate at RT for 30 min with the plate covered.

       3.       Kinetic assay with the substrate: Just prior to use (i.e., during 
the fi nal 5–10 min of the preincubation step), prepare 11 ml  of 
  glycerol assay mix containing the substrate and the coupled- 
enzyme system (Table  2 ). Amplifu™ Red should be added last 
in order to minimize decomposition ( see   Note 2 ). Mix the 
cocktail well by vortexing several times, and avoid bubbles ( see  
 Note 3 ), as well as unnecessary delays. Transfer into a plastic 
reservoir, and by using a multichannel pipette add 100 μl into 

  Fig. 2    Platform allowing simultaneous monitoring of ABHD6 hydrolytic activity and its inhibition in a 96-well- 
plate format. Final volume is 200 μl per well. DMSO/inhibitors (1 μl) are added fi rst into the appropriate wells, 
and then blank buffer, glycerol quality control (GQC), or the diluted enzyme preparation are added in 99 μl of 
assay buffer. Following 30-min preincubation of enzyme with inhibitors, 100 μl of glycerol assay mix contain-
ing the substrate and the coupling enzymes is added by usin  g a multichannel pipette. The plate is vortexed and 
the fl uorescence ( λ  ex  530 nm;  λ  em  590 nm) is kinetically monitored at 10-min intervals for 90 min at RT       
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all wells ( see   Note 11 ), vortex the plate ( see   Note 12 ), and in 
order to obtain  initial   fl uorescence reading at time point 0 min, 
start the kinetic measurement without delay. Record fl uores-
cence unit (FU) readings at 10-min intervals for 90 min at RT 
( see   Note 13 ).

          We use well-based changes  in   fl uorescence (FU 90min  − FU 0min ) as the 
basis to calculate all results, as explained below ( see   Note 14 ).

    1.    Calculate the  net fl uorescence (NetFU)  (FU 90min  − FU 0min ) for 
individual  wells   by subtracting the mean value (FU 90min  − FU 0min ) of 
the blank wells from the (FU 90min  − FU 0min ) values of all other wells.   

3.3  Guidelines 
for Calculations

    Table 1  
  Preparation of blank and hABHD6-HEK dilutions   

 Component (for full 
96-well plate test)  Blank 

 hABHD6-HEK lysate 
(0.3 μg/well fi nal)  Final concentration in the mix 

 BIC  500 μl  5000 μl  50 mM Tris–HCl, pH 7.40, 5 mM 
MgCl 2 , 1 mM EDTA, 100 mM NaCl 

 HQW  400 μl  3990 μl 

 hABHD6-HEK lysate 
(3 mg protein/ml) 

 –  10 μl  3 μg/ml 

 5 % (w/v) BSA  100 μl  1000 μl  0.5 % (w/v) 

 Total volume  1000 μl  10,000 μl 

    Table 2  
  Preparation of the glycerol assay mix   

 Component  Glycerol assay mix  Final concentration in the mix 

 HQW  4007.5 μl 

 BIC  5500 μl  50 mM Tris–HCl, pH 7.40, 5 mM MgCl 2 , 1 mM 
EDTA, 100 mM NaCl 

 BSA 5 % (w/v)  1100 μl  0.5 % (w/v) 

 HRP (200 U/ml)  22 μl  0.4 U/ml a  

 GPO (200 U/ml)  22 μl  0.4 U/ml a  

 GK (200 U/ml)  22 μl  0.4 U/ml a  

 ATP (10 mM)  277 μl  0.25 mM a  

 Amplifu™ Red (10 mM in 
DMSO) 

 22 μl  20 μM a  

 1(3)-AG (10 mM in ethanol)  27.5 μl  25 μM 1(3)-AG; 1 % ethanol (v/v) a  

 Final volume  11 ml 

   a Final concentrations of these components in the wells during the kinetic assay will be 1/2× of the values indicated here  
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   2.    Calculate  ABHD6 activity  in the DMSO-ABHD6 wells (rep-
resenting total activity in the absence of any inhibitor), based 
on the mean NetFU of these wells obtained above and that of 
the GQC wells ( see   Note 5 ): 
 ABHD6 activity (pmol/well) = (NetFU ABHD6  × 134)/NetFU GQC .   

   3.    Calculate  substrate consumption , based on ABHD6 activity 
and the amount of substrate. Final 1(3)-AG concentration in 
wells is initially 12.5 μM; thus 2500 pmol substrate is initially 
available: 
 % substrate consumption = (ABHD6 activity/2500 pmol) × 100. 
 Ideally, substrate consumption during the 90-min incubation 
should be <20 %.   

   4.    For wells with inhibitors, calculate  percentage of remaining 
activity  ( see   Note 9 ): 
 % remaining activity = (NetFU inhibitor /NetFU ABHD6-DMSO ) × 100.    

4       Notes 

     1.    Any detergent residues ( containing   glycerol) from the wash-
ing-up steps of laboratory glassware and plastic reservoirs are 
potential contaminators of the assay. Therefore, careful wash-
ing of containers and plastic pipetting reservoirs with HQW is 
recommended before use.   

   2.    Amplifu™ Red is light sensitive, and thus protect the reagent from 
light and cover the plate after substrate mix addition. Check also the 
color of the substrate mix after preparation: if it is reddish, the 
reagent may be giving too high values and rise the background.   

   3.    Fatty acid-free BSA is included in this assay to minimize non-
specifi c binding of hydrophobic compounds to the plastic. Be 
aware that strong vortexing of BSA solutions may cause bub-
bles that disturb fl uorescence reading. Also, in the black wells 
used in these experiments small bubbles are diffi cult to see.   

   4.    Using this methodology, the IC 50  value for THL towards 
hABHD6 is 47.9 nM [ 5 ]; the two concentrations are expected 
to produce ~60 % (10 −7  M) and 100 % (10 −5  M) inhibition.   

   5.    The inclusion of GQC is important for the following reasons: 
(1) Fixed amount of glycerol added to the wells (134 pmol/
well in the case of GQC) allows to monitor from assay to assay 
that the coupled-enzyme system properly coverts glycerol to 
resorufi n; that is, the net fl uorescence of the GQC wells should 
be comparable between different assays. If fl uorescence dra-
matically drops, component(s) of the coupled-enzyme system 
are not working properly and fresh stock(s) may need to be 
prepared. (2) Using GQC as a standard, it is possible to calcu-
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late the amount of glycerol formed (pmol/well) for each indi-
vidual well. The assay is highly linear in the range of 0–500 pmol 
glycerol/well [ 5 ]. Inclusion of GQC makes it possible to 
determine the amount of glycerol formed (pmol/well) for 
each well also at various time points of the kinetic assay [ 5 ]. (3) 
In inhibitor discovery, it is important to rule out that the cou-
pled-enzyme system is not the target of the inhibitor. Wells 
with GQC ± inhibitor giving the same net fl uorescence indicate 
no interference with the coupled-enzyme system.   

   6.    When optimizing condition to detect fl uorescent signal from 
fl uorescence reader, test suitable gain values to prevent over-
fl ow values during the kinetic analysis. We use Tecan Infi nite 
M200 plate reader with a gain setting of 60.   

   7.    An identical protocol using lysates of HEK293 cells with tran-
sient overexpression of hMAGL or hABHD12 can be used to 
assess hMAGL or hABHD12 activity, respectively [ 5 ]. 
Furthermore, the assay format can, in principle, be adapted for 
hABHD6 produced in other host cell lines and different bio-
logical samples (tissue and cell membranes, cytosolic and 
nuclear samples), but elaborate validation is needed in each 
case to demonstrate that the assay specifi cally reports ABHD6 
activity. This is because the relative expression of ABHD6 may 
be low in cell lines or tissues with endogenous expression of 
ABHD6, and multiple enzymes possessing MAG hydrolytic 
activity could contribute to the pool of glycerol formed.   

   8.    Although ABHD6 is predicted to be an integral membrane pro-
tein [ 4 ], we found no particular enrichment of ABHD6 activity 
in HEK293 cell membrane preparations when compared to 
lysates [ 5 ]. As only a fraction of cellular material is needed to 
produce the same amount of protein from lysates as compared 
to membranes, this economy aspect also favors the use of lysates 
in these assays. Lysates may sometimes contain material that is 
diffi cult to pipette after freezing. This DNA-containing material 
can be removed by sucking it into the pipette tip but after this 
step the protein content needs to be determined again.   

   9.    This point is relevant in the case that inhibitors are to be tested in 
the assay. If not, total number of wells as well as volumes of 
enzyme preparation (Table  1 ) and assay mix (Table  2 ) can be 
scaled down to fi t the size of the experiment. On the other hand, 
for initial validation purposes it may be useful to construct dose-
response curves and to determine IC 50  values for inhibitors (e.g., 
MAFP, IDFP, HDSF, THL, RHC-80267, WWL70) that have 
been previously evaluated in this assay [ 5 ]. At the very least, we 
advice to include THL at the two concentrations ( see   Note 4 ). 
Noteworthy, it may be important to periodically test that for 
samples receiving the same treatment, fl uorescence readings are 
uniform throughout the plate regardless of the position. 
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Especially when pipetting cell lysates, the wells receiving the 
lysate mix last may contain slightly more enzymatic activity due 
to tendency of the lysates to sediment in the reservoirs. The assay 
is highly sensitive and therefore robustly reports inaccuracies in 
pipetting, especially those concerning the enzyme preparation. 
We recommend to test multiple DMSO-hABHD6-HEK sam-
ples distributed randomly throughout the plate, and to confi rm 
uniform fl uorescence readings for these samples to rule out the 
possibility that any gradient could exist.   

   10.    When dispending individual inhibitors, pipette (by touching 
the bottom of the well) 1 μl of compound in the middle of the 
well. The drop is readily visible to the naked eye, so this serves 
as a useful control step to check that all wells have received 
DMSO/inhibitor. DMSO is not readily evaporated, so this step 
is not rate limiting. However, use parafi lm to protect the wells.   

   11.    We recommend to use inverse pipetting when adding the 
enzyme dilution and glycerol assay mix.   

   12.    When vortexing the plate after addition of the glycerol assay 
mix, use medium-speed settings to avoid splashing.   

   13.    Prepare in advance the fl uorometer for the assay before start-
ing the pipetting steps. This ensures that initial fl uorescence 
readings (approximating time point 0 min) can be obtained 
without unnecessary delays immediately after the addition of 
the glycerol assay mix.   

   14.    We recommend to prepare an Excel sheet to facilitate calcula-
tions of the results.         
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    Chapter 19   

 A Sensitive and Versatile Fluorescent Activity 
Assay for ABHD12                     

     Juha     R.     Savinainen    ,     Dina     Navia-Paldanius    , and     Jarmo     T.     Laitinen      

  Abstract 

   Despite great progress in identifying and deorphanizing members of the human metabolic serine hydrolase 
(mSH) family, the fundamental role of numerous enzymes in this large protein class has remained unclear. 
One recently found mSH is α/β-hydrolase domain containing 12 (ABHD12) enzyme, whose natural 
substrate in vivo appears to be the lysophospholipid lysophosphatidylserine (LPS). In vitro, ABHD12 
together with monoacylglycerol lipase (MAGL) and ABHD6 hydrolyzes also monoacylglycerols (MAGs) 
such as the primary endocannabinoid 2-arachidonoyl glycerol (2-AG). Traditional approaches for deter-
mining 2-AG hydrolase activity are rather laborious, and often utilize unnatural substrates. Here, we 
describe a sensitive fl uorescent assay of ABHD12 activity in a 96-well-plate format that allows simultane-
ous testing of inhibitor activities of up to 40 compounds in a single assay. The method utilizes lysates of 
HEK293 cells transiently overexpressing human ABHD12 as the enzymatic source, and kinetically moni-
tors glycerol liberated in the hydrolysis of 1(3)-AG, the preferred MAG substrate of this enzyme. Glycerol 
output is coupled to an enzymatic cascade generating the fl uorescent end-product resorufi n. This meth-
odology has helped to identify the fi rst class of inhibitors showing selectivity for ABHD12 over the other 
mSHs.  

  Key words     2-AG hydrolase  ,   Endocannabinoid  ,   Fluorescence  ,   Glycerol  ,   Inhibitor  ,   Lipase  , 
  Monoacylglycerol  ,   Natural substrate  ,   Screening  

1      Introduction 

 Physiological signifi cance of MAGL in  the   metabolism of the endo-
cannabinoid 2-AG has been fi rmly established, whereas the in vivo 
role of the recently found ABHD12 as a 2-AG hydrolase is still elu-
sive [ 1 ]. Recent research supports the idea that ABHD12 regulates 
2-AG metabolism in immune cells, whereas in the brain it appears to 
metabolize LPS, a non-cannabinoid lysophospholipid [ 2 ,  3 ]. 
Dysfunctional ABHD12 has been linked to PHARC, a rare neuro-
degenerative disease with symptoms of  p olyneuropathy,  h earing loss, 
 a taxia,  r etinitis pigmentosa, and early-onset  c ataract [ 2 ,  4 ]. In vitro, 
the MAG substrate preference of hABHD12 is distinct from that of 
hMAGL and hABHD6, the two other 2-AG hydrolases [ 5 ]. Like 
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hABHD6, hABHD12 shows preference for the MAG 1(3)-isomers, 
and from a panel of 12 tested MAG species its best substrate was 
found to be 1(3)-AG [ 5 ]. During the past 20 years, assay develop-
ment in the fi eld of 2-AG hydrolases has been relatively challenging, 
not least because of instability and lipophilic nature of endocannabi-
noids. Mass spectrometric approaches to detect 2-AG hydrolysis are 
quite laborious and thus they do not offer a shortcut  for   inhibitor 
discovery. Furthermore, radioactive substrates in liquid scintillation-
based assays bring their own apparent inconveniences. Some efforts 
to develop alternative approaches, more suitable  for   high-through-
put screening (HTS), have been made but to the best of our knowl-
edge none takes advantage  of   natural substrates. To gain better 
insight into the in vitro activities of the 2-AG hydrolases MAGL, 
ABHD6, and ABHD12, we have developed and optimized a highly 
sensitive fl uorescent 96-well-plate assay that  allows   kinetic monitor-
ing of glycerol liberated from the natural MAG substrates by the 
hydrolytic activity of these enzymes [ 5 ]. Here, we describe this 
methodology in a platform allowing simultaneous assessment of 
hABHD12 activity and its inhibition.    Glycerol is converted by a 
coupled-enzyme system to generate the fl uorescent end-product 
resorufi n. The principle of the coupled-enzyme system to detect 
glycerol formed by ABHD12 activity is detailed in Fig.  1 .

   The method is highly sensitive, allowing detection of low pico-
molar quantities of the enzymatic product (water- soluble   glycerol), 
and requires only a small amount of lysate (0.3 μg protein/well) 
prepared from HEK293 cells transiently overexpressing hABHD12 
[ 5 ].  The   kinetic assay format has been validated for the three 2-AG 
hydrolases (hMAGL, hABHD6, and hABHD12) [ 5 ], and has been 

  Fig. 1    Principle of the coupled-enzyme system to detect ABHD12 activity. 
ABHD12-catalyzed hydrolysis of 1(3)-AG generates equimolar amounts  of   ara-
chidonic acid (AA) and glycerol. In the coupled-enzyme system, glycerol is con-
verted to glycerol-1-phosphate (G-1-P) in the presence of ATP in a reaction 
catalyzed by glycerol kinase (GK). Glycerol 3-phosphate oxidase (GPO)-catalyzed 
oxidation of G-1-P generates H 2 O 2  that in the presence of horseradish peroxidase 
(HRP) converts Amplifu™ Red into the fl uorescent product resorufi n,  whose   fl uo-
rescence ( λ  ex  530 nm;  λ  em  590 nm) is kinetically monitored       
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recently modifi ed further to allow diacylglycerol lipase (DAGL) 
activity measurements [ 6 ]. It has also played an important role in 
the discovery of the fi rst class of reversible triterpene- based   inhibi-
tors with selectivity for ABHD12 over the other mSHs [ 7 ].  

2    Materials 

 Prepare all solutions using Millipore-purifi ed, deionized high- 
quality water (HQW). Store buffer stocks at RT and other reagents 
at −80 °C ( see   Note 1 ). 

       1.    500 mM Tris–HCl, pH 7.4: Dissolve 60.55 g Tris in 800 ml of 
HQW with constant stirring for at least 2 h. Adjust pH to 7.40 
with strong HCl, and adjust volume to 1 l with HQW. Store at 
RT in a dark bottle.   

   2.    100 mM EDTA: Dissolve 3.7224 g Na 2 EDTA in 100 ml of 
HQW. Store at 4 °C in a dark bottle.   

   3.    500 mM MgCl 2 : Dissolve 20.33 g MgCl 2 ·6H 2 O in 200 ml of 
HQW. Store at 4 °C in a dark bottle.   

   4.    4 M NaCl: Dissolve 23.376 g NaCl in 100 ml of HQW. Store 
at 4 °C in a dark bottle.   

   5.    Basic incubation cocktail (BIC): Prepare BIC from the fresh 
stocks by pipetting 50 ml of 500 mM Tris–HCl (pH 7.4) in a 
250 ml volumetric fl ask. Add 5 ml of 100 mM EDTA, 5 ml of 
500 mM MgCl 2 , and 12.5 ml of 4 M NaCl, adjusting the 
 volume to 250 ml with HQW. Final concentrations of the 
 buffer components are 100 mM Tris–HCl (pH 7.4), 2 mM 
EDTA, 10 mM MgCl 2 , and 200 mM NaCl. Store at RT in a 
dark bottle.      

   For the preparations of coupling enzyme stocks (GPO, GK, HRP, 
see details below) in HQW, calculate the amount of HQW needed 
for the stock preparation which depends on  the   specifi c activity of 
each enzyme batch. Mix well and divide in 25 μl single-use aliquots 
for storage at −80 °C. Thaw one aliquot of each just prior to the 
experiment and keep on ice until use.

    1.    200 U/ml Glycerol 3-phosphate oxidase (GPO) in HQW: 
GPO from  Pediococcus  sp. (Sigma), 100 U, 40–80 U/mg 
solid, pH 8.1.   

   2.    200 U/ml Glycerokinase (GK) in HQW: GK from  Cellulomonas  
sp. (Sigma), 1000 U, 25–75 U/mg protein.   

   3.    240–250 U/ml Horseradish peroxidase (HRP) in HQW: 
HRP (Sigma), 5000 U, 45 mg solid.    

2.1  Basic Incubation 
Cocktail

2.2  Components 
of the Coupled- 
Enzyme System
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         1.    10 mM Amplifu Red™ in DMSO: Dissolve the vial content of 
Amplifu Red™ (Fluka) in DMSO (e.g., 5 mg in 1944 μl), and 
divide into 25 μl single-use aliquots to be stored at −80 °C. Thaw 
one aliquot just prior to the experiment and protect from light 
( see   Note 2 ).   

   2.    10 mM ATP in HQW: This needs to be prepared fresh for each 
experiment. Weigh ATP and dissolve it in HQW just prior to 
use, e.g., 2.536 mg/0.5 ml of HQW. Keep on ice until use.   

   3.    5 % BSA (w/v) in HQW: Dissolve BSA ( essentially   fatty acid 
free) carefully with constant stirring, e.g., 10 g in 200 ml. 
Divide into 1 ml aliquots for storage at −20 °C ( see   Note 3 ).   

   4.    10 mM 1(3)-AG in ethanol: 1(3)-AG is commonly supplied in 
acetonitrile. Transfer 5 mg 1(3)-AG into a preweighed 
Eppendorf tube, evaporate the solvent under a stream of nitro-
gen, weight the residue, and dissolve in ethanol (1321 μl/5 mg). 
Divide into 100 μl aliquots for storage at −80 °C.   

   5.    DMSO for control samples and for dilution of  ABHD12 
  inhibitors.   

   6.    Phosphate-buffered saline (PBS) for the preparation and dilu-
tion of cellular lysates.   

   7.    10 mM Tetrahydrolipstatin (THL) in DMSO: Weigh THL 
and dissolve it in DMSO (e.g., 2.55 mg in 514 μl). Divide into 
10 μl aliquots for storage at −80 °C. THL serves as a reference 
inhibitor and is included at 10 −5  and 10 −7  M concentrations in 
each experiment to monitor assay performance ( see   Note 4 ). 
Prepare 1 mM and 10 μM intermediate dilutions in DMSO; 
these will give 10 −5  and 10 −7  M fi nal concentrations during the 
preincubation with the enzyme (1:100 ratio).      

       1.    Glycerol (liquid with a density of 1.25 g/ml): 1 μl corresponds 
to 13.57 μmol glycerol (13.57 M stock). This needs to be 
diluted several times, in order to reach the pmol concentration 
range.   

   2.    Std-A: Dilute  glycerol   stock 1:100 with HQW as follows: 
Weigh 125 mg of glycerol into a 10 ml volumetric fl ask and 
dilute to 10 ml ⇒ 1 μl corresponding to 135.7 nmol glycerol. 
This can be divided into 0.5 ml aliquots for storage at −20 °C.   

   3.    Std-B:    Dilute Std-A 1:100 with HQW (10 μl + 990 μl) ⇒ 1 μl 
corresponding to 1.357 nmol glycerol.   

   4.       Glycerol quality control (GQC): Prepare a larger volume 
(50 ml) by pipetting 25 ml BIC + 5 ml 5 % (w/v) BSA + 50 μl 
Std-B + HQW. Divide into 900 μl aliquots for storage at 
−20 °C. In the assay, pipette 99 μl of GQC together with 1 μl 
of DMSO or inhibitors. This equals to 134 pmol glycerol per 
well ( see   Note 5 ).      

2.3  Other Reagents

2.4     Glycerol 
Standards 
and Glycerol Quality 
Control
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       1.    Dulbecco’s modifi ed eagle’s medium (DMEM).   
   2.    Fetal bovine serum (FBS).   
   3.    Antibiotics (penicillin and streptomycin).      

       1.    Black 96-well plates suitable  for   fl uorescence reading.   
   2.    Automatic (or manual) multichannel pipettes for rapid pipet-

ting of enzyme dilutions and the glycerol assay mix (containing 
substrate and the coupling enzymes): Normal set of pipettes is 
needed for preparation of inhibitor dilutions and other assay 
components.   

   3.    Plastic pipetting reservoirs for multichannel pipetting substrate 
mix and enzyme dilutions ( see   Note 1 ).   

   4.     A   fl uorescence reader capable of kinetic measurements ( λ  ex  
530 nm;  λ  em  590 nm) ( see   Note 6 ).   

   5.    Equipment  for   cell culture.       

3    Methods 

 We have validated the assay by using lysates of HEK293 cells 
 transiently overexpressing hABHD12 [ 5 ]. HEK293 cells have 
negligible endogenous ABHD12 activity and thus serve as excel-
lent host cells for transient overexpression of the enzyme. The 
fl uorescent assay is highly sensitive requiring merely 0.3 μg of 
lysate protein/well [ 5 ]. Under these conditions, 1(3)-AG 
 hydrolysis by the cellular background is low and the signal-to-noise 
is therefore optimal [ 5 ]. We recommend including also mock- 
transfected HEK293 cells as negative control, in order to facilitate 
verifi cation of successful ABHD12 expression ( see   Note 7 ). 

       1.       Transfection: Culture HEK293 cells as monolayers in DMEM 
containing 10 % FBS under antibiotics (penicillin/streptomy-
cin) at 37 °C in a humidifi ed atmosphere of 5 % CO 2 /95 % air. 
Use plasmids containing ABHD12 for introducing cDNAs to 
cells by a standard transient transfection procedure [ 5 ]. Culture 
mock cells (i.e., cells transfected with an empty vector) in 
 parallel to facilitate verifi cation of successful enzyme expression 
and activity.   

   2.    Preparation of cellular lysates: Wash cells twice with ice-cold 
PBS. Scrape off and pellet cells at 250 ×  g  for 10 min at 
4 °C. Freeze-thaw cell pellet three times, resuspend in ice-cold 
PBS, briefl y sonicate, and aliquot for storage at 
−80 °C. Determine protein concentration by using BSA as a 
standard. For the assay, dilute an aliquot to a protein 
 concentration of 3 mg/ml by using PBS. Total volume required 
for a full 96-well plate is 10 μl ( see   Note 8 ).   

2.5  Reagents  for   Cell 
Culture

2.6  Equipment

3.1  Enzyme 
Preparation
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   3.    Analysis of ABHD12 expression: We recommend verifying 
successful expression of ABHD12 before routine use in the 
glycerol assay, preferentially by using activity-based protein 
profi ling (ABPP), as this method discloses a catalytically 
active enzyme with proper size [ 5 ]. If this methodology is 
not available, Western blotting can be used to detect immu-
noreactive protein [ 5 ].      

   Carry out all procedures at RT unless otherwise specifi ed. Here, 
we detail our routine assay platform for 96-well plates allowing 
determination of hABHD12 hydrolytic activity together with 
 activity   screening of potential  hABHD12   inhibitors. With this 
setup, up to 40 distinct inhibitors (or different concentrations of 
selected inhibitors) can be tested in duplicates in a single full-plate 
assay. The procedure can be completed within 3–4 h. 

  Overview of the method.  Final volume is 200 μl per well. The sol-
vent (DMSO) or the inhibitors are fi rst pipetted in a volume of 1 μl 
into appropriate wells of the 96-well plate (Fig.  2 ). After this, 99 μl 
of blank buffer (without enzyme), hABHD12-HEK lysate (0.3 μg 
protein/well), or GQC (134 pmol glycerol/well) will be added to 
the indicated wells  by   using a multichannel pipette, and the plate is 
vortexed and incubated for 30 min at RT. Then, glycerol assay mix 
(100 μl/well) containing the substrate and the coupled- enzyme 
system is added to all wells with a multichannel pipette, the plate is 
vortexed,  and   fl uorescence is kinetically monitored at 10-min 
intervals for 90 min at RT.

3.2  Activity Assay

  Fig. 2    Platform allowing simultaneous monitoring of ABHD12 hydrolytic activity and its inhibition in a 96-well- 
plate format. Final volume is 200 µl per well. DMSO/inhibitors (1 µl) are added fi rst into the appropriate wells, 
and then blank buffer, glycerol quality control (GQC), or the diluted enzyme preparation are added in 99 µl of 
assay buffer. Following 30-min preincubation of  enzyme   with inhibitors, 100 µl of glycerol assay mix contain-
ing the substrate and the coupling enzymes is added by using a multichannel pipette. The plate is vortexed and 
fl uorescence ( λ  ex  530 nm;  λ  em  590 nm) is kinetically monitored at 10-min intervals for 90 min at RT       
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     1.    Pipetting DMSO/inhibitors into the wells: Prepare 10 mM 
inhibitor stocks in DMSO ( see   Note 9 ). The stocks are further 
diluted in DMSO, so that the solutions to be pipetted into the 
wells (1 μl) are 100-fold concentrated over the desired fi nal 
concentrations during the preincubation. For wells without 
inhibitor, use 1 μl of DMSO ( see   Note 10 ). In each experi-
ment, include THL at the two fi nal concentrations (10 −7  and 
10 −5  M) as the reference inhibitor to monitor assay perfor-
mance ( see   Note 4 ).   

   2.    Preincubation of enzyme with DMSO/inhibitors: Prepare the 
blank buffer and the hABHD12-HEK lysate working dilution 
into test tubes according to Table  1 . Transfer the solutions 
into plastic reservoirs, and using a multichannel pipette add 
99 μl into indicated wells (Fig.  2 ). Finally, pipette 99 μl of 
GQC into indicated wells (Fig.  2 ) ( see   Note 11 ). At this stage, 
all wells should have a total volume of 100 μl. Vortex the plate 
and incubate for 30 min at RT with the plate covered.

       3.       Kinetic assay with the substrate: Just prior to use (i.e., during 
the fi nal 5–10 min of the preincubation step), prepare 11 ml 
of glycerol assay mix containing the substrate and the 
coupled- enzyme system (Table  2 ). Amplifu™ Red should be 
added last in order to minimize decomposition ( see   Note 2 ). 
Mix the cocktail well by vortexing several times, and avoid 
bubbles ( see   Note 3 ), as well as unnecessary delays. Transfer 
into a plastic reservoir, and using a multichannel pipette add 
100 μl into all wells ( see   Note 11 ), vortex the plate ( see   Note 
12 ), and in order to obtain  initial   fl uorescence reading at 
time point 0 min, start the kinetic measurement without 
delay. Record fl uorescence unit (FU) readings at 10-min 
intervals for 90 min at RT ( see   Note 13 ).

    Table 1  
  Preparation of blank and hABHD12-HEK dilutions   

 Component (for full 
96-well plate test)  Blank 

 hABHD12-HEK lysate 
(0.3 μg/well fi nal)  Final concentration in the mix 

 BIC  500 μl  5000 μl  50 mM Tris–HCl, pH 7.40, 5 mM 
MgCl 2 , 1 mM EDTA, 100 mM NaCl 

 HQW  400 μl  3990 μl 

 hABHD12-HEK lysate 
(3 mg protein/ml) 

 –  10 μl  3 μg/ml 

 5 % (w/v) BSA  100 μl  1000 μl  0.5 % (w/v) 

 Total volume  1000 μl  10,000 μl 

Assay of ABHD12 Activity



186

          We use well-based changes in fl uorescence (FU 90min  − FU 0min ) as the 
basis to calculate all results, as explained below ( see   Note 14 ).

    1.    Calculate the  net fl uorescence (NetFU)  (FU 90min  − FU 0min ) for 
individual wells by subtracting the mean value (FU 90min  − FU 0min ) 
of the blank wells from the (FU 90min  − FU 0min ) values of all other 
wells.   

   2.    Calculate  ABHD12 activity  in the DMSO-ABHD12 wells 
(representing total activity in the absence of  any   inhibitor), 
based on the mean NetFU of these wells obtained above and 
that of the GQC wells ( see   Note 5 ): 

 ABHD12 activity (pmol/well) = (NetFU ABHD12  × 134)/NetFU GQC .   

   3.    Calculate  substrate consumption , based on ABHD12 activity 
and the amount of substrate. Final 1(3)-AG concentration in 
wells is initially 12.5 μM; thus 2500 pmol substrate is initially 
available: 

 % substrate consumption = (ABHD12 activity/2500 pmol) ×100. 

 Ideally, substrate consumption during the 90-min incuba-
tion should be <20 %.   

   4.    For wells with inhibitors, calculate  percentage of remaining 
activity  ( see   Note 9 ): 

 % remaining activity = (NetFU inhibitor /NetFU ABHD12-DMSO ) × 100.    

3.3  Guidelines 
for Calculations

    Table 2  
  Preparation of the glycerol assay mix   

 Component 
 Glycerol assay 
mix  Final concentration in the mix 

 HQW  4007.5 μl 

 BIC  5500 μl  50 mM Tris–HCl, pH 7.40, 5 mM MgCl 2 , 1 mM 
EDTA, 100 mM NaCl 

 BSA 5 % (w/v)  1100 μl  0.5 % (w/v) 

 HRP (200 U/ml)  22 μl  0.4 U/ml a  

 GPO (200 U/ml)  22 μl  0.4 U/ml a  

 GK (200 U/ml)  22 μl  0.4 U/ml a  

 ATP (10 mM)  277 μl  0.25 mM a  

 Amplifu™ Red (10 mM in 
DMSO) 

 22 μl  20 μM a  

 1(3)-AG (10 mM in 
ethanol) 

 27.5 μl  25 μM 1(3)-AG; 1 % ethanol (v/v) a  

 Final volume  11 ml 

   a Final concentrations of these components in the wells during the kinetic assay will be 1/2× of the values indicated here  
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4       Notes 

     1.    Any detergent residues (containing glycerol) from the wash-
ing-up steps of laboratory glassware and plastic reservoirs are 
potential contaminators of the assay. Therefore, careful wash-
ing of containers and plastic pipetting reservoirs with HQW is 
recommended before use.   

   2.    Amplifu™ Red is light sensitive, and thus protect the reagent 
from light and cover the plate after substrate mix addition. 
Check also the color of the substrate mix after preparation: if it 
is reddish, the reagent may be giving too high values and rise 
the background.   

   3.       Fatty acid-free BSA is included in this assay to minimize non-
specifi c binding of hydrophobic compounds to the plastic. Be 
aware that strong vortexing of BSA solutions may cause bub-
bles that disturb fl uorescence reading. Also, in the black wells 
used in these experiments small bubbles are diffi cult to see.   

   4.    Using this methodology, the IC 50  value for THL towards 
hABHD12 is 191 nM [ 5 ]; the two concentrations are expected 
to produce ~35 % (10 −7  M) and 100 % (10 −5  M) inhibition.   

   5.    The inclusion of GQC is important for the following reasons: 
(1) Fixed amount of glycerol added to the wells (134 pmol/
well in the case of GQC) allows to monitor from assay to 
assay that the coupled-enzyme system properly coverts glyc-
erol to resorufi n; that is, the  net   fl uorescence of the GQC 
wells should be comparable between different assays. If fl uo-
rescence dramatically drops, component(s) of the coupled-
enzyme system are not working properly and fresh stock(s) 
may need to be prepared. (2) Using GQC as a standard, it is 
possible to calculate the amount of glycerol formed (pmol/
well) for each individual well. The assay is highly linear in the 
range of 0–500 pmol glycerol/well [ 5 ]. Inclusion of GQC 
makes it possible to determine the amount of glycerol formed 
(pmol/well) for each well also at various time points of the 
kinetic assay [ 5 ]. (3)  In   inhibitor discovery, it is important to 
rule out that the coupled-enzyme system is not the target of 
the inhibitor. Wells with GQC ± inhibitor giving the same net 
fl uorescence indicate no interference with the coupled-
enzyme system.   

   6.    When optimizing conditions to  detect   fl uorescent signal from 
fl uorescence reader, test suitable gain values to prevent over-
fl ow values during  the   kinetic analysis. We use Tecan Infi nite 
M200 plate reader with a gain setting of 60.   

   7.    An identical protocol using lysates of HEK293 cells with tran-
sient overexpression of hMAGL or hABHD6 can be used to 
assess hMAGL or hABHD6 activity, respectively [ 5 ]. 
Furthermore, the assay format can, in principle, be adapted for 
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hABHD12 produced in other host cell lines or in different 
biological samples (tissue and cell membranes, cytosolic and 
nuclear samples), but elaborate validation is needed in each 
case to demonstrate that the assay specifi cally reports ABHD12 
activity. This is because the relative expression of ABHD12 
may be low in cell lines or tissues with endogenous expression 
of ABHD12, and multiple enzymes possessing MAG hydro-
lytic activity could contribute to the pool  of   glycerol formed.   

   8.    Although ABHD12 is predicted to be an  integral   membrane 
protein [ 4 ], we found no particular enrichment of ABHD12 
activity in HEK293 cell membrane preparations when com-
pared to lysates [ 5 ]. As only a fraction of cellular material is 
needed to produce the same amount of protein from lysates as 
compared to membranes, this economy aspect also favors the 
use of lysates in these assays. Lysates may sometimes contain 
material that is diffi cult to pipette after freezing. This DNA-
containing material can be removed by sucking it into the 
pipette tip, but after this step the protein content needs to be 
determined again.   

   9.    This point is relevant in the case that inhibitors are to be tested 
in the assay. If not, total number of wells as well as volumes of 
enzyme preparation (Table  1 ) and assay mix (Table  2 ) can be 
scaled down to fi t the size of the experiment. On the other 
hand, for initial validation purposes it may be useful to con-
struct dose-response curves and to determine IC 50  values for 
inhibitors (e.g., MAFP, IDFP, HDSF, THL, maslinic acid) 
that have been previously evaluated in this assay [ 5 ]. At the 
very least, we advice to include THL at the two concentrations 
( see   Note 4 ). Noteworthy, it may be important to periodically 
test that for samples receiving the same treatment, fl uorescence 
readings are uniform throughout the plate regardless of the 
position. Especially when pipetting cell lysates, the wells receiv-
ing the lysate mix last may contain slightly more enzymatic 
activity due to tendency of the lysates to sediment in the reser-
voirs. The assay is highly sensitive and therefore robustly 
reports inaccuracies in pipetting, especially those concerning 
the enzyme preparation. We recommend to test multiple 
DMSO-hABHD12-HEK samples distributed randomly 
throughout the plate, and to confi rm uniform fl uorescence 
readings for these samples to rule out the possibility that any 
gradient could exist.   

   10.    When dispending individual inhibitors, pipette (by touching 
the bottom of the well) 1 μl of compound in the middle of the 
well. The drop is readily visible to the naked eye, so this serves 
as a useful control step to check that all wells  have   received 
DMSO/inhibitor. DMSO is not readily evaporated, so this step 
is not rate limiting. However, use parafi lm to protect the wells.   
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   11.    We recommend to use inverse pipetting when adding the 
enzyme dilution and glycerol assay mix.   

   12.    When vortexing the plate after addition of  the   glycerol assay 
mix, use medium-speed settings to avoid splashing.   

   13.    Prepare in advance the fl uorometer for the assay before start-
ing the pipetting steps. This ensures that initial fl uorescence 
readings (approximating time point 0 min) can be obtained 
without unnecessary delays immediately after the addition of 
the glycerol assay mix.   

   14.    We recommend to prepare an Excel sheet to facilitate calcula-
tions of the results.         
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    Chapter 20   

 Assay of Endocannabinoid Uptake                     

     Mark     Rau    ,     Simon     Nicolussi    ,     Andrea     Chicca    , and     Jürg     Gertsch      

  Abstract 

   Endocannabinoids at physiological concentrations are crossing cellular membranes by facilitated diffusion, 
a process that can be studied by measuring transport kinetics. Here, we describe a radiosubstrate-based 
assay using arachidonoyl[1- 3 H]ethanolamine or arachidonoyl[1,2,3- 3 H]glycerol to measure the cellular 
endocannabinoid uptake in a three-phase assay with human U937 cells.  

  Key words     Endocannabinoid uptake  ,   Anandamide  ,   2-Arachidonoylglycerol  

1      Introduction 

 Endocannabinoids (ECs) are arachidonic acid-derived lipids that 
interact either with extracellular targets, such as type 1  and   type 2 can-
nabinoid receptors (CB 1 R and CB 2 R, respectively), or with intracel-
lular targets like ion channels, peroxisome proliferator- activated 
receptors (PPARs), intracellularly located CB 1  receptors (e.g., in mito-
chondria), cytoplasmic binding proteins (e.g., albumin, heat-shock 
protein-70, FABP5), and metabolic enzymes. While the EC family 
includes at least four lipid mediators, the most abundant and best 
characterized molecules are 2-arachidonoylglycerol (2-AG) and ara-
chidonoylethanolamide (   anandamide, AEA). The biological effects of 
AEA and 2-AG are regulated by their cellular biosynthesis, extracel-
lular release, reuptake, traffi cking, and enzymatic cleavage. In contrast 
to the relatively clear knowledge about the EC biosynthetic and meta-
bolic pathways, their cellular uptake remains poorly understood. 
Different models of EC uptake have been proposed and cell type- 
dependent mechanisms of EC  cellular   transport exist that have been 
recently reviewed in detail [ 1 ]. However, the measurement of AEA 
and 2-AG uptake is hampered by numerous confounding factors [ 2 –
 5 ]. One of the principal issues in elucidating EC membrane transport 
is the tight interplay between the movement of ECs  across   plasma 
membranes and their rapid and almost complete cellular cleavage by 
the fatty acid amide hydrolase (FAAH) and the monoacylglycerol 
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lipase (MAGL) or alpha/beta hydrolase 6 (ABHD6), respectively. At 
physiological concentrations, ECs are transported across the plasma 
membrane by facilitated diffusion, as best characterized by  differential 
  Michaelis-Menten kinetics in different cell types , independent of 
enzyme concentration [ 1 ,  6 ]. The uptake of AEA is driven by its 
breakdown primarily by FAAH, which belongs to the family of serine 
hydrolases and is expressed at the endoplasmatic reticulum, Golgi 
apparatus, and mitochondria. Although the cellular uptake of 2-AG 
has been poorly investigated, several studies suggest that AEA and 
2-AG may share the same mechanism of membrane uptake despite 
their distinct intracellular fates [ 1 ,  7 ]. In addition, all ECs seem to 
compete for the same uptake process [ 7 ]. Importantly, the cellular 
uptake of AEA and 2-AG can be selectively and potently inhibited by 
small molecules that might  be   inhibitors of a putative endocannabi-
noid membrane transporter (EMT), and therefore constitute an inde-
pendent class of modulators of the ECS [ 1 ,  20 ]. In order to identify 
and characterize novel  EMT   inhibitors, reproducible and sensitive 
assays are indispensable. Here, we employ the tritiated radiosubstrates 
[ 3 H]AEA and [ 3 H]2-AG, which allow robust measurements of EC 
 cellular   uptake by using differential extraction and radiometric-based 
assays.    Radiometric assays show advantages over fl uorescent and colo-
rimetric assays, as chemically modifi ed substrates might interfere with 
the membrane lipid environment leading to amplifi cation or quench-
ing of the signal. Moreover, the addition of a fl uorophore to the EC 
core structure leads to modifi cations of its physicochemical properties, 
thus potentially altering  cellular   uptake kinetics. The quantitative mea-
surements of EC intracellular levels by GC-MS/MS and LC-MS/MS 
are more costly and time consuming, and they do not seem optimal to 
screen for EMT inhibitors. Therefore, radiometric assays are most fre-
quently used to assess EC uptake inhibition in combination with 
assays that measure inhibition of EC hydrolysis.  

2    Materials 

 Prepare buffers using deionized H 2 O and analytical grade reagents. 
Follow waste disposal regulations when disposing cells and radioactive 
waste material. For all radioactive substances, the half- life of radioactive 
isotopes must be taken into account. Store stock solutions at −20 °C, 
and perform regular analytical analyses to ensure product stability. 

       1.    2-Arachidonoylglycerol (2-AG).   
   2.       Anandamide (AEA).   
   3.    Arachidonoyl[1- 3 H]   ethanolamine (AEA).   
   4.    Arachidonoyl[1,2,3- 3 H]glycerol (2-AG) ( see   Note 1 ).   
   5.    Bovine serum albumin (BSA), essentially fatty acid free 

( see   Note 2 ).   
   6.    Refrigerated centrifuge for 24 samples (e.g., Eppendorf centri-

fuge 5415 R).   

2.1  Components 
and Reagents
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   7.    Centrifuge, suited for Falcon tubes (e.g., Eppendorf centrifuge 
5804 R).   

   8.    Chloroform (CHCl 3 ).   
   9.    Dimethyl sulfoxide (DMSO).   
   10.    Ethanol (EtOH), ≥99 % pure.   
   11.    Incubator  for   cell culture, at 37 °C and 5 % CO 2 .   
   12.    Liquid scintillation counter (e.g., Tri-Carb 2100TR).   
   13.    Methanol (MeOH).   
   14.    Micropipettes (10, 100, 200, and 1000 μl).   
   15.    Mini-scintillation vials (6 ml).   
   16.    Inverted microscope.   
   17.    Neubauer “improved” cell counting chamber.   
   18.    0.01 M Phosphate-buffered saline (PBS), pH 7.4.   
   19.    Reference inhibitors OMDM-2 and UCM707, and guineen-

sine (available from J. Gertsch, University of Bern).   
   20.    SafeSeal microtubes (2 ml, PP).   
   21.    Screw-cap microtubes (1.5 ml, PP) ( see   Note 3 ).   
   22.    Silanization fl uid (AquaSil™), to be used according to 

 instructions (Thermo Fisher Scientifi c).   
   23.    ThermoMixer (1.5 ml).   
   24.    Ultima Gold™ scintillation cocktail.   
   25.    Vortex.   
   26.    Water bath or thermoblock at 37 °C.      

  
 –     150 cm 2   Tissue   culture fl asks.  
 –   Amphotericin B.  
 –   Cell line: Human monocytic lymphoma  cells   U937.  
 –   Cell culture hood, biological safety cabinet (SterileGARD, 

Class 2A/B3).  
 –   Falcon tubes (15/50 ml, PP).  
 –   Fetal bovine serum (FBS) ( see   Note 4 ).  
 –   Penicillin/streptomycin.  
 –   RPMI-1640 medium with  L -glutamine.     

       1.    [ 3 H]AEA-mix: 1 nM Arachidonoyl[1- 3 H]ethanolamine, 
99 nM AEA (prepare 100× stock solution in EtOH; 5 μl of 
[ 3 H]AEA mix will be used per sample):
 –    3 μl (167 nM) of arachidonoyl[1- 3 H]ethanolamine in 

EtOH per sample.  
 –   1.72 μl (28.8 μM) of AEA in EtOH per sample.  
 –   0.28 μl of EtOH per sample.      

2.2  Cell Culture 
Material

2.3  Buffers 
and Stock Solutions

Endocannabinoid Uptake
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   2.    [ 3 H]2-AG mix: 1 nM Arachidonoyl[1,2,3- 3 H]glycerol ( see  
 Note 1  and ref.  7 ), 999 nM 2-AG (prepare 100× stock solu-
tion in EtOH).
 –    2.5 μl (200 nM) of arachidonoyl[1,2,3- 3 H]glycerol in 

EtOH per sample.  
 –   2.5 μl (199.8 μM) of 2-AG in EtOH per sample.      

   3.    1 % (w/v) BSA in PBS, pH 7.4, at 4 °C.
 –    Add 2 g BSA into 200 ml of PBS.          

3    Methods 

   Grow human U937 cells in suspension at a density of approxi-
mately 1 × 10 6 /ml in 150 cm 2  tissue culture fl asks An endotoxin-
free enviornment is essential. Use RPMI-1640 medium 
supplemented with 10 % FBS, 1 μg/ml amphotericin B, and 1 % 
(100 μg/ml) penicillin/streptomycin. Incubate cells at 37 °C with 
5 % CO 2  for optimal growth ( see   Note 5 ).  

   The workfl ow of this assay is illustrated in Fig.  1  (for details  see  
 Note 6 ).

     1.     Prepare   inhibitor dilutions and suffi cient [ 3 H]AEA mix. Heat 
PBS and RPMI-1640 in the water bath to 37 °C.   

   2.    Count the cells using the “Neubauer improved” chamber ( see  
 Note 7 ), take the necessary number  of   U937 cells, and centri-
fuge them at 180 ×  g  for 5 min at room temperature; wash with 
10 ml of PBS (37 °C), centrifuge again at 180 ×  g  for 5 min at 
room temperature, and resuspend in pre-warmed RPMI-1640 
medium (without any additive) or PBS, to a density of 2 × 10 6  
cells/ml.   

   3.    Use 490 μl of cell suspension (~10 6  cells) per sample in silanized 
fl ip-cap microtubes.   

   4.    Add 5 μl of OMDM-2 or UCM707 inhibitors (and of DMSO 
vehicle in positive controls); use 100× stock solutions (e.g., 
1 mM solution to reach a fi nal concentration of 10 μM), and 
vortex the tubes gently for 2 s (300 rpm in the ThermoMixer). 
Preincubate the cells for 30 min at 37 °C and 5 % CO 2 . Run 
each sample in triplicate.   

   5.    Add 100 nM [ 3 H]AEA mix (5 μl of 100× stock) to the cells. 
Vortex tubes carefully to distribute AEA homogenously. 
Incubate for 5 min at 37 °C.   

   6.    Stop the uptake reaction by putting the tubes on ice, and rapidly 
centrifuge the samples at 800 ×  g  for 5 min at 4 °C. Meanwhile, 
prefi ll 1.5 ml screw-cap microtubes with 2 volumes of an ice-
cold CHCl 3 :CH 3 OH (1:1) mixture ( see   Note 3 ).   

3.1  Cell Culture 
Maintenance

3.2  Three-Phase AEA 
Uptake Assay
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   7.    Transfer sample supernatants to the prefi lled screw-cap micro-
tubes including CHCl 3 :CH 3 OH, and put cell pellets on ice 
(pellet processing continues in  step 10 , also  see   Note 8 ).   

   8.    Vortex or shake sample supernatants vigorously for extraction.   
   9.    Centrifuge for 10 min at ≥10,000 ×  g  at 4 °C, to separate aque-

ous and organic phases. Transfer the aqueous (upper) phase 
and organic (lower) phase separately into scintillation tubes for 
radioactive measurement ( see   Note 9 ).   

  Fig. 1    Workfl ow of the three-phase AEA/2-AG uptake assay, according to the protocol       
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   10.    Wash cell pellets from  step 6  with 400 μl of an ice-cold 1 % 
BSA in PBS, and shake carefully. Centrifuge at 800 ×  g , for 
5 min and 4 °C. Add the supernatant to the scintillation tube 
containing the organic phase (from  step 9 ), leave 5–10 μl of 
liquid to make sure that cell pellet remains intact, and cells are 
not removed with the supernatant.   

   11.    Wash the pellets again with 400 μl of ice-cold PBS to remove 
any residual amounts of washing solution, and shake carefully 
( see   Note 10 ).   

   12.    Centrifuge for 5 min at 800 ×  g  and 4 °C, and then transfer the 
supernatants to the scintillation tube containing the superna-
tant organic phase (from  step 9 ).   

   13.    Resuspend cell pellets in 250 μl of PBS, add 2 volumes (0.5 ml) 
of ice-cold CHCl 3 :CH 3 OH (1:1), and vortex vigorously.   

   14.    Sonicate cell solutions for 5 min on ice, and then centrifuge for 
10 min at ≥10,000 ×  g  at 4 °C. Transfer the upper (aqueous) 
phase to the scintillation tube containing the aqueous phase 
derived from the extracted supernatant ( see   step 9 ) while col-
lecting the cellular organic phase in a separate scintillation tube.   

   15.    Perform liquid scintillation counting after addition of 3.5 ml of 
Ultima Gold™ scintillation liquid to all scintillation vials, followed 
by 1-h shaking. Also measure total radioactive signal of the substrate 
by adding 5 μl of [ 3 H]AEA mix directly to new scintillation vials.    

  Examples of the  reference   inhibitors OMDM-2 and UCM707 
are shown in Fig.  2 . This assay allows to characterize differential EC 
 cellular   uptake inhibition  in   U937 cells [ 7 ], to investigate the profi les 
of FAAH and MAGL inhibitors [ 7 ]], suitable and to characterize new 
selective AEA uptake inhibitors like guineensine [ 20 ], or highly potent 
inhibitors of FAAH [ 4 ].
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 Perform as described in the three-phase assay for AEA uptake but 
apply the following adaptions: 

 Use 5 μl of 1 μM [ 3 H]2-AG mix per sample instead of 100 nM 
[ 3 H]AEA mix. Incubate [ 3 H]2-AG mix for 2–5 min. 

 Examples of reference inhibitors OMDM-2 and UCM707 are 
shown in Fig.  3 .

4        Notes 

     1.    2- AG   uptake is more diffi cult to measure than AEA uptake. The 
radioactive label in arachidonoyl[1- 3 H]ethanolamine is in  the 
     ethanolamine moiety, which is quickly cleaved and then incorpo-
rated into phospholipids [ 7 – 9 ]. Therefore, the radioactive signal 
associated to the organic phase of the cell pellets is derived from 
free [ 3 H]AEA (minimal contribution) and [ 3 H]phosphatidyleth-
anolamine (higher abundance). From the experimental point of 
view, this leads to  higher   radioactivity counts, which result in a 
robust signal-to-noise ratio. In case of arachidonoyl[1,2,3- 3 H]
glycerol uptake, the cleaved [1,2,3- 3 H]glycerol freely and rapidly 
moves out of the cell  via  aquaporins, leading to a “loss” of intra-
cellular radioactive signal [ 10 ]. The remaining signal is therefore 
only dependent on intracellular arachidonoyl[1,2,3- 3 H]glycerol 
[ 7 ]. Furthermore, while the most relevant AEA hydrolytic 
enzyme (FAAH) is located  predominantly in intracellular mem-
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branes such as ER, Golgi apparatus, and mitochondria [ 8 ,  11 , 
 12 ], 2-AG is degraded by at least three different enzymes, which 
are all located at the plasma membrane [ 12 ,  13 ]. Therefore, once 
taken up by the cell 2-AG is quickly cleaved, mainly by the mem-
brane-associated enzyme MAGL (~85 % of the total 2-AG hydro-
lysis) and by the membrane-bound enzymes ABHD6 and 
ABHD12 (~15 %). Interestingly, the predicted structure of the lat-
ter two hydrolases suggests that they face the catalytic site towards 
the intracellular lumen and the extracellular milieu, respectively 
[ 13 ]. Direct cleavage of 2-AG at the outer membrane by ABHD12 
might represent an important confounding factor when measuring 
2-AG uptake, especially in specifi c cell lines lacking MAGL but not 
ABHDs (e.g., some macrophages and microglial cells) [ 14 ]. 
Nonetheless, it must be taken into account that inhibitors  of   arachi-
donic acid incorporation into phospholipids might reduce 2-AG 
uptake [ 15 ]. Moreover, short incubation times (≤5 min) are crucial 
to measure 2-AG uptake, since the arachidonoyl[1,2,3- 3 H]glycerol 
is cleaved quickly after being taken up by the cells.   

   2.    Serum albumin (fatty acid free) is an endogenous carrier of 
endocannabinoids [ 16 ,  17 ] and has been shown to affect 
endocannabinoid uptake [ 4 ]. Indeed, BSA (1 % in PBS) is the 
optimal washing solution to remove endocannabinoids associ-
ated to the outer leafl et of the plasma membrane.   

   3.    Screw-cap microtubes are well suited for Folch’s extraction, 
because they do not leak the MeOH/CHCl 3  mixture upon 
vigorous vortexing.   

   4.    FBS is a nutritional supplement used for many cell cultures. 
Different batches were shown to contain variable amounts of 
endocannabinoids [ 18 ]. FBS low in endocannabinoid content 
should be selected. Uptake experiments should always be per-
formed without FBS, in order to avoid biases.   

   5.       Cell culture maintenance is one of the most crucial factors for 
the success of the EC uptake assay. When cells are only once 
malnourished, overgrown, activated by cell debris/endotox-
ins, or at unsuitable pH levels (i.e., yellow medium), they will 
acquire different phenotypes.    U937 cells should be well-round 
shaped (Fig.  4a ) and devoid of any dendritic structures which 
would indicate differentiation (Fig.  4b ). Under suboptimal 
conditions, incorporation  of   ethanolamine into phospholipids 
(PE) is decreased (Fig.  4d ), compared to healthy cells (Fig.  4c ).
   Furthermore, endotoxin activated cells show reduced AEA 
uptake effi cacy and FAAH enzymatic activity (Fig.  5a, b ). 
Although the cells might recover and proliferate steadily, they 
will not be suitable for EC uptake any longer, and should be 
replaced. The RPMI-1640 medium contains the pH indicator 
phenol red, and turns from purple (pH > 8.2) to yellow 
(pH < 6.8) depending on the cell metabolic activity. Usually, 

Mark Rau et al.



199

when cells reach the density of about 1 × 10 6 /ml, the medium 
turns into a yellowish color, implying a high metabolic activity. 
These cells should be used for EC uptake on the same day. 
When U937 cells are maintained under optimal culturing con-
ditions, the generation time is roughly 24 h at cell densities 
>0.8 × 10 6 /ml. However, our experience is that under these 
exponential growth conditions the EC uptake assay works 
best.

       6.    The three-phase assay is an advanced EC uptake assay provid-
ing at once multiple readouts, which lead to a characteristic 
profi le of an  EC   uptake inhibitor (Fig.  2a, b ; also  see  refs.  7 , 
 20 ). The assay reveals the intracellular and extracellular distri-
bution pattern of AEA or 2-AG and their metabolites in the 
cells. For instance, the extracellular aqueous phase contains 
cleaved glycerol from 2-AG or ethanolamine from AEA, reveal-
ing the activity of EC-degrading enzymes; the extracellular 
organic phase contains intact 2-AG or AEA, which was not 

60

55

50

st
ar

t

fr
on

t

fr
on

t

st
ar

t

45

40

35

30

In
te

ns
ity

 (
co

un
ts

)

25

20

15

10

5

0
0 20 40 60 80

Normal U937 cells Activated/differentiated U937 cells

Position (mm)

100 120

AEA
Rf 0.95

AEA
Rf 0.95

PE
Rf 0.75

PE
Rf 0.75

mm 0 20 40 60 80

Position (mm)

100 120 mm

  Fig. 4    ( a ) Normal U937 cells at 400× magnifi cation. Cells are well rounded in suspension. ( b ) Activated and 
partially differentiated U937 cells at 400× magnifi cation. Cells show deformations, dendritic structures, and 
partial adherence. ( c ) Incorporation of [ 3 H]ethanolamine into phosphatidylethanolamine (PE) and AEA on a TLC. 
(Assay was performed as described in [ 7 ].) ( d ) Activated/differentiated cells show a heavily reduced incorpora-
tion of [ 3 H]ethanolamine into phosphatidylethanolamine in comparison to normal U937 cells       

 

Endocannabinoid Uptake



200

taken up by the cells. The three-phase assay enables collection 
of a complete set of information regarding the distribution and 
degradation of AEA or 2-AG as a concentration-dependent 
function of an EC uptake inhibitor. The assay is also suitable to 
characterize different cell types for AEA and 2-AG uptake, and 
to compare the pharmacological properties of new EMT inhib-
itors. AEA uptake in particular is heavily driven by the activity 
of FAAH that generates an inward concentration gradient. 
Thus, an inhibitor of FAAH will always inhibit EC uptake as 
well [ 2 ,  4 ]. However, each process can be inhibited indepen-
dently, thus leading to EtNH 2  curve shifts that reveal an appar-
ent selectivity for AEA cellular uptake (e.g., with OMDM-2 
(Fig.  2a ) or guineensine [ 20 ], but see also [ 4 ,  7 ] in comparison 
to FAAH inhibitors). After identifi cation of a new AEA uptake 
inhibitor, further potential targets such as intracellular shuttles 
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[ 16 ,  21 ] and most importantly FAAH should be addressed as 
well (Fig.  6 ). To confi rm an observed apparent selectivity (i.e., 
EtNH 2  right shift) of a new inhibitor of AEA uptake over 
FAAH inhibition, two independent assays can be performed as 
previously reported [ 4 ,  19 ,  20 ], as shown in Fig.  6 .

       7.    We use the Neubauer improved cell counting chamber to 
quickly determine cell density, and to check at the same time 
their viability by trypan blue.   

   8.    Consider that in EC uptake assays, the steps with the cell pellet 
are the most crucial and sensitive (the supernatant is trans-
ferred into CHCl 3 :MeOH (1:1) and does not react any fur-
ther). It is therefore advised to continue with  step 10  straight 
after  step 7  and do  steps 8  and  9  at the end.   

   9.    Folch’s extraction leads to a three-phasic separation. A bottom 
phase with CHCl 3  and lipophilic substances such as the arachi-
donic acid, phospholipids, 2-AG, or AEA; a precipitated phase 
of proteins in the middle; and an upper aqueous phase with 
MeOH, H 2 O, and either free glycerol or ethanolamine, 
depending on the assay. After centrifugation at maximal speed 

  Fig. 6    Inhibition of [ 3 H]AEA uptake and [ 3 H]AEA hydrolysis by the reference inhibitors OMDM-2, UCM707, and 
guineensine in separate assays, as previously described [ 20 ]. 0.5 × 10 6  U937 cells or cell homogenates, 
respectively, were used per sample. Curves are shown without normalization. For AEA uptake, EC 50  values (i.e., 
relative IC 50  values) are shown because complete inhibition (i.e., effi cacy of 100 %) cannot be reached due to 
non-inhibitable passive diffusion of the substrate, while absolute IC 50  values are shown for FAAH activity. 
Reference FAAH inhibitors using the same assay protocol are described in [ 4 ]. Experiments were performed in 
triplicate with  n  = 3 ( N  = 9); means ± SEM and 95% CI are reported       
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(≥10,000 ×  g ) the entire upper phase can be collected. 
Alternatively, a constant volume (e.g., 800 μl) per sample can 
be collected to reduce signal deviations.   

   10.    In the presence of EMT inhibitors, most of [ 3 H]AEA and 
[ 3 H]2-AG which does not penetrate into the cells will stick to 
the membrane phospholipid bilayer, due to their high hydro-
phobic nature. Washing cell pellets with 1 % BSA solution 
ensures almost complete removal of this “extracellular frac-
tion” of [ 3 H]AEA and [ 3 H]2-AG, which sticks on the external 
leafl et of the membrane. In our experience, this fraction usu-
ally contains a high radioactive signal; therefore further wash-
ing of cell pellets with PBS after the washing step with 1 % BSA 
is done to remove the residual extracellular signal from the cell 
pellet. Avoiding this additional washing step with PBS alone 
can lead to a high variability of the radioactive signal associated 
to the cell pellets.         
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    Chapter 21   

 Assay of Endocannabinoid Oxidation by Cyclooxygenase-2                     

     Shalley     N.     Kudalkar    ,     Philip     J.     Kingsley    , and     Lawrence     J.     Marnett      

  Abstract 

   The endocannabinoids, 2-arachidonoylglycerol (2-AG) and arachidonylethanolamide (AEA), are endoge-
nous ligands for the cannabinoid receptors (CB 1  and CB 2 ) and are implicated in a wide array of physiological 
processes. These neutral arachidonic acid (AA) derivatives have been identifi ed as effi cient substrates for the 
second isoform of the cyclooxygenase enzyme (COX-2). A diverse family of prostaglandin glycerol esters 
(PG-Gs) and prostaglandin ethanolamides (PG-EAs) is generated by the action of COX-2 (and downstream 
prostaglandin synthases) on 2-AG and AEA. As the biological importance of the endocannabinoid system 
becomes more apparent, there is a tremendous need for robust, sensitive, and effi cient analytical methodol-
ogy for the endocannabinoids and their metabolites. In this chapter, we describe methodology suitable for 
carrying out oxygenation of endocannabinoids by COX-2, and analysis of products of endocannabinoid 
oxygenation by COX-2 and of endocannabinoids themselves from in vitro and cell assays.  

  Key words     Cyclooxygenase-2  ,   Endocannabinoids  ,   PG-Gs  ,   PG-EAs  ,   In vitro assay  ,   Cell assay  ,   LC- 
MS/MS  

1      Introduction 

 The endocannabinoids 2-arachidonoylglycerol (2-AG) and arachid-
onylethanolamide (AEA) are  neutral   arachidonic acid (AA) deriva-
tives that exert analgesic and anti-infl ammatory effects via the 
activation of cannabinoid receptors, CB 1  and CB 2  [ 1 ,  2 ]. Much like 
arachidonic acid (AA), 2-AG and AEA are oxygenated by the second 
isoform of the cyclooxygenase enzyme,    COX-2, that produces pros-
taglandin H 2 -glycerol ester (PGH 2 -G) and prostaglandin H 2 -
ethanolamide (PGH 2 -EA), respectively [ 3 ,  4 ]. Each PGH 2  derivative 
undergoes further metabolism via prostaglandin synthases to a range 
of PG-glycerol  esters   (PG-Gs) and PG-ethanolamides (PG-EAs) 
that exhibit biological activities, such as activation of calcium mobi-
lization in tumor cells and macrophages, modulation of inhibitory 
synaptic transmission, induction of neurotoxicity by enhancement of 
excitatory glutamatergic synaptic transmission, and induction of 
hyperalgesia and anti-infl ammatory responses [ 5 – 10 ] (Fig.  1 ). 
Additionally, when the macrophage cell line (RAW264.7) is treated 
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with lipopolysaccharide and ionomycin, PG-Gs are produced which 
stimulate Ca 2+  mobilization in the RAW264.7 cells [ 7 ,  11 ], suggest-
ing that PG-Gs may exert independent biological activities.

   Given the physiological importance of the endocannabinoids 
and the potential biological relevance of their COX-2-derived oxy-
genated products, dependable methods for investigating these inter-
actions are indispensable. In this chapter, we provide stepwise 
instructions for (1) establishing reactions of 2-AG and/or AEA  with 
  COX-2 both in vitro and in the RAW264.7 macrophage cell line, 
and (2) LC-MS/MS methodology that enables quantitative analysis 
of the endocannabinoids and  their      oxygenated metabolites. 

 We have utilized two liquid chromatography-mass spectrometry 
(LC-MS/MS) methods: one for the analysis  of   COX-2 substrates 
(2-AG and AEA) and another one for the analysis of COX-2 oxygen-
ation products (PG-Gs and PG-EAs). A silver cation (Ag + ) coordina-
tion, liquid-chromatography, electrospray-ionization, and tandem 
mass spectrometry (LC-ESI-MS-MS) method for analyzing 2-AG 
and AEA has been developed by our lab [ 12 ]. In this method, the 
silver cation coordinates with the four double bonds of the arachido-
nate backbone of 2-AG and AEA, which is rich in π electrons. This 
coordination of silver to 2-AG and AEA forms an [M + Ag] +  complex 
that is amenable to electrospray  ionization   and tandem mass spectro-
metric techniques. Figure  2  shows the chromatograms of 2-AG, AEA, 

  Fig. 1    Structures of endocannabinoids, 2-arachidonoylglycerol (2-AG),  and   arachidonylethanolamide (AEA), 
and their conversion by COX-2 and various PG synthases  to   prostaglandin glyceryl esters (PG-Gs) and prosta-
glandin ethanolamides (PG-EAs), respectively       
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and their respective internal standards coordinated with silver. In 
Fig.  2a , two peaks are seen corresponding to 1-AG and 2-AG, which 
are two isomers of arachidonoylglycerol. While 2-AG is the biologi-
cally relevant isomer of arachidonoylglycerol, 2-AG readily undergoes 
acyl migration under biological settings to form 1-AG [ 13 ].

   Our laboratory has also published a method for the simultane-
ous analysis of  several   PG-Gs and PG-EAs [ 14 ]. A method describ-

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
0

3×103

6×103

9×103

Time, min

a

2-AG

1-AGSRM = 485 411

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
0.0

3.0×103

6.0×103

9.0×103

1.2×104

Time, min

b 2-AG-d8SRM =  493 419

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
0

2×103

4×103

6×103

Time, min

AEAc SRM =  454 436

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
0.0

1.4×104

2.8×104

4.2×104

Time, min

AEA-d4d SRM= 458 440

In
te

ns
ity

In
te

ns
ity

In
te

ns
ity

In
te

ns
ity

  Fig. 2    LC-MS/MS chromatograms of endocannabinoids and their deuterated internal standards. 2- and 1-AG 
( a ), 2-AG-d 8  ( b ), AEA ( c ), and AEA-d 4  ( d )       
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  Fig. 3    LC-MS/MS chromatograms of selected PG-Gs and PG-EAs. PGE 2 -G and PGD 2 -G ( a ), PGE 2 -G-d 5  and 
PGD 2 - G- d 5  ( b ) ,  PGF 2α -G ( c ), PGE 2 -EA ( d ), and PGE 2 -EA-d 4  ( e )       
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ing the analysis of PGF 2α -EA also exists in the literature [ 15 ]. The 
methodology developed in our laboratory [ 14 ] involves complex-
ing the neutral PG-Gs and PG-EAs with either ammonium (NH 4  + ) 
or a proton (H + ). The resultant [M + NH 4 ] +  or [M + H] +  complexes 
yield multiple intense fragments upon collisionally induced disso-
ciation (CID), several of which may be employed in selected reac-
tion monitoring (SRM). Chromatograms of different species of 
PG-Gs and PG-EAs along with the respective internal standards 
are shown in Fig.  3 .

2       Materials 

       1.    2-AG, AEA, deuterated 2-AG, and deuterated AEA: 
Additionally, the penta-deuterated analogue of PGE 2 -G and 
tetra-deuterated PGE 2 -EA were synthesized as described pre-
viously [ 3 ] ( see   Note 1 ).   

   2.    96-Well plate or auto-sampler vials.      

        1.    5 mM Hematin  stock   solution in dimethyl sulfoxide (DMSO). 
Store at room temperature.   

   2.    Reaction buffer: 100 mM Tris–HCl (pH 8.0) with 500 μM 
phenol. Store at room temperature.   

   3.     Purifi ed   COX-2 enzyme [ 16 ].   
   4.    Substrates or inhibitors of interest.   
   5.    Quench solution: Internal standards dissolved in ethyl acetate 

with 0.5 % acetic acid. Place on ice before use in assay. The con-
centration of the internal standards in the quench solution 
should be such that the amount of internal standard delivered to 
each sample upon quenching is within tenfold of the amount of 
the analyte that the internal standard will be used to quantitate.      

       1.    RAW264. 7   macrophages.   
   2.    Dulbecco’s modifi ed Eagle medium (DMEM) supplemented 

with 10 % fetal bovine serum.   
   3.    100 ng/ml Working solution of Kdo 2 -lipid A (KLA) in Ca 2+ /

Mg 2+ -free sterile Dulbecco’s phosphate-buffered saline (DPBS) 
buffer. Make the working solution of KLA in serum-free medium.   

   4.    2 mM Ionomycin stock solution in DMSO: Our lab uses 
2–5 μM of ionomycin as the fi nal concentration.   

   5.    Inhibitors of interest ( see   Note 2 ).   
   6.    Extraction solution: It is the same as the “quench solution” in 

Subheading  2.2 ,  item 5 .      

2.1  General

2.2  In Vitro Assays

2.3  Cell Assay

Assay of Endocannabinoid Oxidation by Cyclooxygenase-2
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        1.    Silver complexation mobile-phase components:     
 A—150 μM silver acetate in HPLC-grade water plus 0.1 % formic acid. 
 B— 150 μM silver acetate in HPLC-grade methanol plus 0.1 % 

formic acid.
    2.    Ammonium complexation mobile-phase components:     

 A— 5 mM ammonium acetate in HPLC-grade water, pH 
adjusted to 3.2–3.4 with formic acid. 

 B— 6 % component A in HPLC-grade acetonitrile with 0.1 % 
formic acid.

    3.    HPLC column: C18, 5 × 0.2 cm, either 3 or 5 μm particle size.   
   4.    LC-MS system: An HPLC system with a binary pump and 

autosampler in-line with a triple-quadrupole mass spectrome-
ter and appropriate data acquisition software ( see   Note 3 ).   

   5.    Standard mixture of analytes in methanol at a concentration of 
2 μM—store at −20 °C.   

   6.    Internal standard recovery solution ( see   Note 4 ).       

3    Methods 

       1.    Prepare a 40× substrate  stock   solution whose concentration is 
40 times the concentration of substrate in the reaction vessel. 
Prepare in DMSO and make enough to provide 5 μl for each 
200 μl reaction.   

   2.    Prepare a 40×    inhibitor stock solution whose concentration is 
40 times the concentration of inhibitor in the reaction vessel. 
Prepare in DMSO and make enough to provide 5 μl for each 
200 μl reaction.   

   3.    Prepare  a   COX-2 solution in 100 mM Tris-HCl buffer (pH 
8.0) containing 500 μM phenol (the usual concentration of 
COX-2 is 50–100 nM). Add 3 equivalents of hematin solution 
to this enzyme solution 10–15 min prior to the experiment. 
Keep this enzyme solution on ice.   

   4.    Prepare the quench solution and keep on ice.   
   5.    For inhibition assays, aliquot 190 μl of the COX-2 solution into 

a 1.5 ml microfuge tube and incubate in heat block set at 37 °C 
for 3 min. For assays with weak-reversible inhibitors, add 5 μl of 
40× inhibitor stock solution to the enzyme solution, and incu-
bate at 37 °C for an additional 3 min. For assays with slow-tight 
binding inhibitors, add 5 μl of 40× inhibitor stock solution to 
190 μl of the enzyme solution, and incubate at 37 °C for an 
additional 15 min. After the incubation period, add 5 μl of 
stock substrate solution and wait for 30 s ( see   Note 5 ).   

   6.    For assays with  only   COX-2 and substrate, aliquot 195 μl of 
the COX-2 solution into a 1.5 ml microfuge tube, and  incubate 

2.4  LC-MS/MS

3.1  In Vitro Assay

Shalley N. Kudalkar et al.
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in a heat block set at 37 °C for 3 min. Then, add 5 μl of 40× 
substrate stock solution and wait for 30 s ( see   Note 5 ).   

   7.    After the 30-s reaction period, quench the reaction by adding 
200 μl of the quench solution. Vortex vigorously and keep on ice.   

   8.    Collect the top layer from the quenched reaction and add it to 
a small glass tube. Dry the solution under a stream of N 2 .   

   9.    Resuspend the dried solution with 200 μl of 1:1 methanol:water 
(HPLC-grade water) solution and vortex vigorously.   

   10.    Aliquot ~200 μl of this solution to either auto-sampler vials or 
a 96-well plate.   

   11.    Load the vials or plates into the autosampler of the LC-MS 
system; prepare a queue with an appropriate method and start 
the program as described in Subheading  3.3 .      

       1.    Plate 3 × 10 6  cells in 8 ml of DMEM.   
   2.    After 24 h, co-treat with KLA  and   inhibitor solution for 6 h, to 

 get   COX-2 activation ( see   Note 6 ).   
   3.    Collect the media and transfer it to a 15 ml Falcon tube.   
   4.    Extract PG-G or PG-EA species from the media by adding the 

extraction solution (twice the media volume) to the Falcon 
tube. Vortex vigorously and keep on ice.   

   5.    Transfer the top layer to a clean vessel and dry it down under N 2 .   
   6.    Resuspend the dried solution with 200 μl of 1:1 methanol:water 

solution and vortex vigorously.   
   7.    Aliquot ~200 μl of this solution to either auto-sampler vials or 

a 96-well plate.   
   8.    Load the vials or plates into the autosampler of the LC-MS 

system, prepare a queue with an appropriate method, and start 
the program as described in Subheading  3.3 .      

     This section describes two LC-MS/MS methods: one for the anal-
ysis  of   COX-2 substrates (2-AG and AEA) and another one for the 
analysis of COX-2 oxygenation products (PG-Gs and PG-EAs). 
Both methods employ reverse-phase chromatography and mass 
spectrometric detection, where the mass spectrometer is equipped 
with an electrospray source, operated in positive ion mode and 
confi gured for selected reaction monitoring (SRM). Obviously, 
not all analytes described here need to be included in one’s assay, 
the choice of analytes depending on the experimental parameters 
and the interest of the investigator. These methods are based on 
literature data for endocannabinoids [ 12 ] and prostanoids [ 14 ].

    1.    Prime the LC system with appropriate mobile phase ( see  
Subheading  2.4 ,  item 1  or  2 ) and establish mobile phase fl ow 
through the chosen column at the initial conditions.   

3.2  Cell Assay

3.3  LC-MS Analysis

Assay of Endocannabinoid Oxidation by Cyclooxygenase-2
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   2.    Create (or modify an existing) instrument method containing 
the desired SRM transitions and chromatographic gradient 
profi le, as specifi ed in Tables  1 ,  2 ,  3 , and  4  ( see   Note 7 ).

          3.    Place samples in sample tray and create a run sequence. It is 
best to bracket all unknowns with standards, and then ran-
domize the order in which the unknowns are analyzed.   

   4.    Inject the standard solution, and verify that all analytes are observed.   
   5.    Inject the internal standard recovery solution, and verify that 

the retention times are very similar to  step 4 , that no analyte 
peak is observed in the appropriate SRM transition, and that all 
internal standards are observed ( see   Note 4 ).   

   Table 1  
  SRM transitions for endocannabinoids  via  silver complexation analysis   

 Compound  M.W.  Q1 ( m / z )  Q3 ( m / z )  Collision energy 

 2-AG  378.6  485  411  33 

 2-AG-d 8   386.6  493  419  33 

 AEA  347.5  454  436  33 

 AEA-d 4   351.5  458  440  33 

   Table 2  
  SRM transitions for oxygenated products of COX-2   

 Compound  M.W.  Q1 ( m / z )  Q3 ( m / z )  Collision energy 

 PGE 2 -G and PGD 2 -G  426.6  444  391  19 

 PGF 2α -G  428.6  446  393  19 

 PGE 2 -G-d 5   431.6  449  396  19 

 PGE 2 -EA  395.6  396  360  13 

 PGE 2 -EA-d 4   399.6  400  364  13 

   Table 3  
  Gradient for silver complexation LC-MS/MS   

 Time  %B 

 Initial  70 

 0.5  70 

 4.5  100 

 5.5  100 

 6.0  70 

 7.5  70 
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   6.    Inject a blank and ensure that no peaks appear in any transition.   
   7.    Start the sequence.   
   8.    After the samples have been successfully injected, prepare a 

processing method and process the resultant raw fi les.   
   9.    Export data to Excel or other spreadsheet, and calculate ana-

lyte amounts ( see   Note 8 ).    

  The representative chromatograms  of   COX-2 substrates, 2-AG 
and AEA, and their oxygenated products are shown in Figs.  2  and 
 3 . For SRM analysis of 2-AG and 2-AG-d 8 , the transitions of  m / z  
485–411 and of  m / z  493–419 are used (Fig.  2a, b ). For AEA, 
the  m / z  454–436 transition is employed for SRM analysis, while 
the  m / z  462–444 transition is used for detection of AEA-d 8  
(Fig.  2b, c ). For PG-Gs and PG-G-d 5  PGs,  m / z  444–391 and 
 m / z  449–396 transitions are used for SRM analysis, respectively 
(Fig.  3a, b ). A transition of  m / z  446–393 is used for PG-F 2α -G 
(Fig.  3c ). For SRM analysis of PG-EA and PG-EA-d 4 ,  m / z  396–
360 and  m / z  400–364 transitions are used (Fig.  3d, e ).   

4    Notes 

     1.    Many vendors sell deuterated internal standards. It is in the 
researchers’ best interest to establish the isotopic purity of pur-
chased internal standards before use with unknown samples. 
Our lab has found that some isotopically labeled compounds 
have a range of stable isotope incorporation, and that some 
isotopically labeled compounds will give a signal in the SRM 
channel for the native compound of interest.   

   2.    Stock solutions of inhibitors are made in DMSO.   
   3.    Our lab has employed both a Thermo Quantum triple- 

quadrupole (with Xcalibur software) and a SCIEX 3200 QTrap 
(with Analyst software) instruments. Any reasonably modern 
triple-quadrupole or ion trap mass spectrometer should give 
reasonable results for the methods discussed here.   

   Table 4  
  Gradient for oxygenated product LC-MS/MS   

 Time  %B 

 Initial  30 

 0.5  30 

 2.0  80 

 3.70  80 

 3.74  30 

 3.75  30 

Assay of Endocannabinoid Oxidation by Cyclooxygenase-2



214

    1.    Devane WA, Hanus L, Breuer A et al (1992) 
Isolation and structure of a brain constituent 
that binds to the cannabinoid receptor. Science 
258:1946–1949  

    2.    Stella N, Schweitzer P, Piomelli D (1997) A sec-
ond endogenous cannabinoid that modulates 
long-term potentiation. Nature 388:773–778  

     3.    Kozak KR, Rowlinson SW, Marnett LJ (2000) 
Oxygenation of the endocannabinoid, 2-arachid-
onylglycerol, to glyceryl prostaglandins by cyclo-
oxygenase-2. J Biol Chem 275:33744–33749  

    4.    Yu M, Ives D, Ramesha CS (1997) Synthesis of 
prostaglandin E 2  ethanolamide from anan-
damide by cyclooxygenase-2. J Biol Chem 
272:21181–21186  

    5.    Sang N, Zhang J, Chen C (2006) PGE 2  
glycerol ester, a COX-2 oxidative metabo-

lite of 2-arachidonoyl glycerol, modulates 
inhibitory synaptic transmission in mouse 
hippocampal neurons. J Physiol (Lond) 
572:735–745  

   6.    Sang N, Zhang J, Chen C (2007) COX-2 oxida-
tive metabolite of endocannabinoid 2-AG 
enhances excitatory glutamatergic synaptic trans-
mission and induces neurotoxicity. J Neurochem 
102:1966–1977  

    7.    Nirodi CS, Crews BC, Kozak KR et al (2004) 
The glyceryl ester of prostaglandin E 2  mobi-
lizes calcium and activates signal transduction 
in RAW264.7 cells. Proc Natl Acad Sci U S A 
101:1840–1845  

   8.    Hu SS-J, Bradshaw HB, Chen JSC et al (2008) 
Prostaglandin E-2 glycerol ester, an endogenous 
COX-2 metabolite of 2-arachidonoylglycerol, 

   4.    The recovery internal standard is a standard where the amount 
of internal standard in each sample is dissolved in the reconsti-
tution volume used for each sample. This sample is important 
because it (1) establishes whether the instrument is working 
acceptably, and (2) gives the experimenter the recovery level of 
his/her analytes, which is a useful parameter when assessing 
the experimental results.   

   5.    It is important to limit the percent DMSO to ≤ 5 % to prevent 
protein precipitation.   

   6.    Slow-tight binding inhibitors are added along with KLA for 
6 h. In contrast, weak-reversible inhibitors plus 5 μM ionomy-
cin are added after 6 h of treatment with KLA. The addition of 
ionomycin releases 2-AG. Cells are incubated for an additional 
45 min before extracting PGs.   

   7.    Flow rate of 0.3–0.4 ml/min is recommended for both 
LC-MS-MS methods.   

   8.    Stable isotope dilution is used for quantifi cation of analytes in 
the assays described above. With stable isotope dilution, the 
amount of analyte in each sample equals the response ratio 
(analyte peak area divided by the internal standard peak area) 
of the analyte multiplied by the amount of internal standard 
added to the sample.         

  Acknowledgements  

 We are grateful to Carol Rouzer for editorial assistance. This work 
was supported by a research grant from the National Institutes of 
Health (GM 15431) to L.J.M.  

   References 

Shalley N. Kudalkar et al.



215

induces hyperalgesia and modulates nf kappa b 
activity. Br J Pharmacol 153:1538–1549  

   9.    Valdeolivas S, Pazos MR, Bisogno T et al 
(2013) The inhibition of 2-arachidonoyl- 
glycerol (2-AG) biosynthesis, rather than 
enhancing striatal damage, protects striatal 
neurons from malonate-induced death: A 
potential role of cyclooxygenase-2-dependent 
metabolism of 2-AG. Cell Death Dis 4:e862  

    10.    Alhouayek M, Masquelier J, Cani PD et al 
(2013) Implication of the anti-infl ammatory 
bioactive lipid prostaglandin d 2 -glycerol ester 
in the control of macrophage activation and 
infl ammation by abhd6. Proc Natl Acad Sci U 
S A 110:17558–17563  

    11.    Rouzer CA, Marnett LJ (2005) Glyceryl
prostaglandin synthesis by resident peritoneal 
macrophages in response to a zymosan stimu-
lus. J Biol Chem 280:26690–26700  

     12.    Kingsley PJ, Marnett LJ (2003) Analysis of 
endocannabinoids by Ag +  coordination tandem 
mass spectrometry. Anal Biochem 314:8–15  

    13.    Rouzer CA, Ghebreselasie K, Marnett LJ 
(2002) Chemical stability of 2-arachidonylg-
lycerol under biological conditions. Chem 
Phys Lipids 119:69–82  

      14.    Kingsley PJ, Rouzer CA, Saleh S et al (2005) 
Simultaneous analysis of prostaglandin glyceryl 
esters and prostaglandins by electrospray tandem 
mass spectrometry. Anal Biochem 343:203–211  

    15.    Weber A, Ni JS, Ling KHJ et al (2004) Formation 
of prostamides from anandamide in FAAH 
knockout mice analyzed by HPLC with tandem 
mass spectrometry. J Lipid Res 45:757–763  

    16.    Marnett LJ, Rowlinson SW, Goodwin DC et al 
(1999) Arachidonic acid oxygenation by COX-1 
and COX-2 - mechanisms of catalysis and inhibi-
tion. J Biol Chem 274:22903–22906    

Assay of Endocannabinoid Oxidation by Cyclooxygenase-2





217

Mauro Maccarrone (ed.), Endocannabinoid Signaling: Methods and Protocols, Methods in Molecular Biology, vol. 1412,
DOI 10.1007/978-1-4939-3539-0_22, © Springer Science+Business Media New York 2016

    Chapter 22   

 Oxygenation of Anandamide by Lipoxygenases                     

     Guus     van     Zadelhoff     and     Mario     van der     Stelt      

  Abstract 

   The endocannabinoids anandamide and 2-arachidonoylglycerol are not only metabolized by serine hydro-
lases, such as fatty acid amide hydrolase, monoacylglycerol lipase, and α,β-hydrolases 6 and 12, but they 
also serve as substrates for cyclooxygenases and lipoxygenases. These enzymes oxygenate the 1 Z ,4 Z - 
pentadiene system of the arachidonic acid backbone of endocannabinoids, thereby giving rise to an entirely 
new array of bioactive lipids. Hereby, a protocol is provided for the enzymatic synthesis, purifi cation, and 
characterization of various oxygenated metabolites of anandamide generated by lipoxygenases, which 
enables the biological study and detection of these metabolites.  

  Key words     Lipoxygenase  ,   Endocannabinoid  ,   Anandamide  ,   2-Arachidonoylglycerol  ,   Oxygenated 
metabolite  

1      Introduction 

 The  endocannabinoids   anandamide (AEA, (5 Z ,8 Z ,11 Z ,14 Z )- N -
(2-hydroxyethyl)icosa-5,8,11,14-tetraenamide) and 2-arachidon-
oylglycerol (2-AG, 1,3-dihydroxypropan-2-yl (5 Z ,8 Z ,11 Z ,
14 Z )-icosa-5,8,11,14-tetraenoate) are signaling lipids that act on 
type 1 and type 2 (CB 1  and CB 2 ) cannabinoid receptors [ 1 ,  2 ]. 
They modulate a wide array of physiological functions. For exam-
ple, in the brain they act as retrograde messengers that inhibit neu-
rotransmitter release, whereas at the periphery they infl uence 
immune cell migration [ 3 ,  4 ]. The biological effect of endocan-
nabinoids at CB 1  and CB 2  receptors depends on their life- span in 
the extracellular space. Both endocannabinoids serve as substrates 
for metabolic serine hydrolases that hydrolyze the amide bond of 
AEA or the ester bond of 2-AG, thereby  releasing   arachidonic acid 
and ethanolamine or glycerol, respectively. Fatty acid amide hydro-
lase is the main enzyme responsible  for   anandamide hydrolysis, 
whereas 2-AG is converted by monoacylglycerol lipase, α,β-
hydrolase 6 and 12 [ 5 ]. Hydrolysis of the amide or ester bond 
results in termination of CB 1  and CB 2  receptor signaling [ 6 ]. 
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 Both AEA and 2-AG contain  an   arachidonic acid backbone, 
which may serve as a substrate for enzymes such as cyclooxygenases 
and lipoxygenases [ 7 – 11 ]. Indeed, both enzyme classes convert 
endocannabinoids  into   oxygenated metabolites, such as prosta-
mides, prostaglandin-glyceryl esters, and hydro(pero)xy-derivatives. 
These oxygenated products do not necessarily serve to terminate 
endocannabinoid signaling, but may exert biological actions of 
their own and/or modulate the pharmacology of endocannabi-
noids by interfering  with   fatty acid amide hydrolase activity. The 
action of cyclooxygenases on endocannabinoids has been studied in 
detail and specifi c receptors have been found for the prostamides, 
whereas the characterization of the biological presence and action 
of the lipoxygenase products is lacking behind [ 12 ]. 

 There are three types of lipoxygenases (5-, 12-, and 15-lipoxy-
genases) that insert O 2  at C5, C12, or C15  of   arachidonic acid, 
respectively. The same enzymes oxygenate in a regio- and stereo-
specifi c manner also AEA and 2-AG, adding O 2  at different posi-
tions of their arachidonic acid backbone (Fig.  1 ). The resulting 
hydroperoxide products are rapidly and nonenzymatically reduced 
in the cell to their corresponding hydroxyl derivatives.

   12( S )-Hydroxy-AEA has been shown to bind to CB 1  receptor 
with  comparable   affi nity as AEA, whereas the other metabolites 
showed reduced binding affi nity [ 13 ]. Of note, all lipoxygenase 
products were found to be inhibitors  of   fatty acid amide hydrolase 
in the low to submicromolar range. In various physiological pro-
cesses, action of lipoxygenase metabolites of endocannabinoids has 
been suggested, based on intervention studies with  lipoxygenase 
  inhibitors [ 14 ]. To interrogate the physiological relevance and 
function of lipoxygenase metabolites of endocannabinoids in more 
detail, it is important to have suffi cient quantities of the oxygen-
ated products. Here, we provide a protocol for the enzymatic syn-
thesis, purifi cation, and analysis of 5( S )-hydroxy-AEA, 
11( S )-hydroxy- AEA, 12( S )-hydroxy-AEA, 15( S )-hydroxy-AEA, 
5( S ),15( S )-dihydroxy-AEA, and 8( S ),15( S )-dihydroxy-AEA ( see  
 Note 1 ) [ 13 – 15 ].  

2    Materials 

       1.    0.1 M Sodium borate buffer (pH 9.0): Weigh 6.18 g boric 
acid and transfer to a 1 l conical fl ask. Add 900 ml of water and 
dissolve boric acid under magnetic stirring. Adjust the pH to 
9.0 with 1 M NaOH, and bring the volume to 1 l.   

   2.    0.1 M Sodium phosphate buffer (pH 7.0): Weigh 15.60 g 
sodium phosphate monobasic dihydrate and transfer to a 1 l 
conical fl ask. Add 900 ml of water and dissolve sodium phos-
phate under magnetic stirring. Adjust the pH to 7.0 with 1 M 
NaOH and bring the volume to 1 l.   

2.1  Buffers 
and Solutions

Guus van Zadelhoff and Mario van der Stelt
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   3.    PBS (pH 7.4): Weigh 8 g sodium chloride, 0.2 g potassium 
chloride, 1.80 g sodium phosphate dibasic dehydrate, and 
0.24 g potassium phosphate monobasic anhydrous and trans-
fer to a 1 l conical fl ask. Add 900 ml of water and dissolve the 
salts under magnetic stirring. Adjust the pH to 7.0 with 0.1 M 
HCl and bring the volume to 1 l.   

   4.    Hypertonic PBS: Dissolve 2.7 g NaCl in 100 ml of PBS.   
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  Fig. 1    Structures of oxygenated metabolites of anandamide produced by distinct lipoxygenases       
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   5.    0.05 M Sodium acetate buffer (pH 5.5), containing 134 g/l 
ammonium sulfate: Add 2.90 ml of glacial acetic acid to 
700 ml of H 2 O, and bring to pH 5.5 with 3 M NaOH. Add 
134 g ammonium sulfate, dissolve, and bring volume to 1 l 
with H 2 O.   

   6.    0.15 M Sodium citrate: Dissolve 22 g sodium citrate tribasic 
dehydrate in 500 ml of water.   

   7.    0.15 M Potassium phosphate (pH 6.0), containing 2 M 
ammonium sulfate: Dissolve 2 g potassium dihydrogen phos-
phate in 50 ml of water, and bring pH to 6.0 with 3 M 
KOH. Add 26.8 g ammonium sulfate, dissolve, and bring vol-
ume to 100 ml with H 2 O.   

   8.    100 mM AEA: Weigh 35 mg AEA and dissolve in 1 ml of 
methanol in an autosampler vial.   

   9.    Tetrahydrofuran/methanol/water/acetic acid mixture 
(25/30/45/0.1, vol/vol/vol/vol): Mix 250 ml of tetrahy-
drofuran, 300 ml of methanol, 450 ml of water, and 1 ml of 
glacial acetic acid. Degas the HPLC solvent just before use by 
purging helium through the solution for 15 min.   

   10.    Methanol/water/acetic acid (75/25/0.1, vol/vol/vol): Mix 
750 ml of methanol, 250 ml of water, and 1 ml of glacial acetic 
acid. Degas the HPLC solvent just before use by purging 
helium through the solution for 15 min.   

   11.    Silylation reagent solution (pyridine/1,1,1,3,3,3- 
hexamethyldisilazane/trimethylchlorosilane, 5/1/1, vol/
vol/vol): Mix 500 μl of anhydrous 99.8 % pyridine, 100 μl of 
99.9 % 1,1,1,3,3,3-hexamethyldisilazane, and 100 μl of 99.0 % 
trimethylchlorosilane just before use in a 1 ml glass vial.      

   Soybean lipoxygenase-1 (soyLOX, from Maple Glen cultivar) is a 
15-lipoxygenase that can be obtained from Sigma-Aldrich. The 
protein concentration is estimated from the absorbance at 280 nm 
( ϵ  280  = 1.6 × 10 5  l × mol −1  × cm −1 ). The enzyme is stored at 4 °C at a 
concentration of 1.9 mg/ml (corresponding to 20 mM) in 0.05 M 
sodium acetate buffer (pH 5.5) containing 134 g/l ammonium 
sulfate. 5-Lipoxygenase, mostly isolated from potato, can be 
obtained from Cayman Chemicals. The enzyme is stored at 4 °C at 
a concentration of 1 mg/ml in 0.15 M potassium phosphate 
(pH 6.0) containing 2 M ammonium sulfate. Bovine lipoxygenase 
(bovLOX) is a 12-lipoxygenase isolated from bovine leukocytes, 
performing the entire purifi cation at room temperature as follows. 
 Bovine   blood is collected in a vessel, containing 0.15 M sodium 
(100 ml per l) as an anticoagulant. The anticoagulated blood is 
centrifugated at 470 ×  g  for 20 min in a swing-out rotor, to sepa-
rate blood cells  from   plasma: the lower part of the tube contains 
the red and white blood cells, and the upper part contains the 
platelet-rich plasma that is discarded. The leukocyte fraction is 

2.2  Preparation 
of Enzymes
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separated from erythrocytes by lysis. To this end, 2 volumes of 
distilled water are added to the cell pellet and, after gently shaking 
for 30 s, 1 volume of hypertonic PBS is also added, to make the 
fi nal suspension hypotonic. The mixture is centrifuged for 10 min 
at 470 ×  g , and the supernatant containing the lysed erythrocytes is 
removed. The pellet is resuspended in 10 ml of PBS, and the lysis 
procedure is repeated once more. The erythrocyte-free leukocyte 
pellet is suspended in 15 ml of PBS, and carefully layered on 14 ml 
of Ficoll-Paque plus (GE healthcare) in a 50 ml tube, and centri-
fuged at 400 ×  g  for 40 min in a swing-out rotor. Leukocytes are 
found at the bottom of the tube, whereas the lymphocytes and 
monocytes are found on top of the Ficoll-Paque plus. Leukocytes 
are washed with PBS and centrifugated at 2000 ×  g , and the fi nal 
cell pellet is resuspended in 10 ml of PBS.   

3    Methods 

       1.    Incubate for 45 min at room temperature 1 U enzyme (soy-
LOX, barLOX or bovLOX) with 5 μmol AEA (50 μl from a 
100 mM stock) in 50 ml of rigorously stirred, air-saturated 
appropriate buffer: 0.1 M sodium borate buffer, pH 9.0 (for 
soyLOX), 0.1 M sodium phosphate buffer, pH 7.0 (for bar-
LOX), or PBS, pH 7.4 (for bovLOX) ( see   Notes 2 – 4 ).   

   2.    Stop reactions by acidifying the reaction mixtures to pH 4.0 
with 3 M HCl.   

   3.    Extract metabolites using 60 mg OASIS HLB (Waters)    solid- 
phase extraction columns (or equivalent, like Bakerbond C18, 
J.T. Baker).Condition cartridge with 5 ml of methanol and 5 ml 
of H 2 O, respectively. Do not allow the cartridge to run dry. 
Load reaction mixture into a 100 cc syringe connected to the 
SPE column via an SPE tube adaptor. Positive pressure is 
achieved by the plunger of the 100 cc syringe. Wash the column 
with 5 ml of H 2 O until dryness, and elute the concentrated and 
purifi ed reaction products with 2.5 ml of methanol.   

   4.    Azeotropically evaporate residual water by co-evaporation 
with methanol under a gentle stream of nitrogen gas.   

   5.    Dissolve products in 200 μl of methanol, and store at −25 °C 
until use.      

       1.    Reduce lipoxygenase products with a molar excess of NaBH 4  
in 3 ml of methanol.   

   2.    Stir reaction mixture for 30 min at 0 °C under a N 2  
atmosphere.   

   3.    Terminate reaction by adding 15 ml of water and acidify the 
mixture to pH 4.0 with 3 M HCl. Stir until gas production 
ends.   

3.1  Production 
of Hydroperoxy- AEA

3.2  Reduction 
of Hydroperoxy- AEA 
to Hydroxy-AEA
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   4.    Extract and concentrate the reduced products with an SPE 
column, as described above.   

   5.    Dissolve the metabolites in 100 μl of methanol.      

       1.    Purify the lipoxygenase metabolites with preparative HPLC 
on a Cosmosil 5C18-ARII (5 μm; 250 × 10 mm i.d.; Nacalai 
Tesque) column, using a tetrahydrofuran/methanol/water/
acetic acid mixture (25/30/45/0.1, vol/vol/vol/vol) as the 
eluent, at a fl ow rate of 3 ml/min.   

   2.    Dilute the collected fractions with a tenfold excess of water.   
   3.    Concentrate the diluted fractions with an SPE column, as 

described above.   
   4.    Dissolve the purifi ed compounds in 200 μl of methanol.   
   5.    Store compounds under N 2  at −25 °C.   
   6.    Chiral separations of the purifi ed sodium borohydride-reduced 

AEA metabolites can be carried out on a Chiralcel OD-R col-
umn (5 μm, 250 × 4.6 mm, Daicel) with methanol/water/
acetic acid (75/25/0.1 vol/vol/vol) as the eluent, at a fl ow 
rate of 0.5 ml/min ( see   Note 5 ). Chirally pure AEA metabo-
lites can be concentrated again with an SPE column as 
described above, and are stored under N 2  at −25 °C.      

       1.    Dry the hydroxyl-AEA derivatives under a stream of N 2  gas.   
   2.    Dissolve them in CHCl 3  or CDCl 3 , in order to perform FTIR- 

or  1 H-NMR measurements, respectively. Record IR spectra on 
an  FTIR   spectrometer from 4000 cm −1  to 400 cm −1  with a 
resolution of 4 cm −1  and a co-addition of 60 scans in a N 2  
atmosphere at 20 °C. Correct the spectra with a co-addition of 
60 blank scans and a manual baseline correction.   

   3.     1 H-NMR spectra are recorded in CDCl 3  with a Bruker AC 
300 or 500 MHz spectrometer at 27 °C.   

   4.    For GC-MS analysis of the hydroxyl position, dry aliquots 
of the purifi ed hydroxy-AEA metabolites under a stream 
of N 2  gas.
    (a)    Redissolve in 1 ml of hexane and hydrogenate the double 

bonds with a catalytic amount (5 %) of palladium on cal-
cium carbonate under a gentle stream of H 2  gas.   

   (b)    After 30 min, remove the catalyst by fi ltration over a pre- 
washed (hexane) piece of cotton wool an empty pasteur 
pipette.   

   (c)    Evaporate hexane under N 2 .   
   (d)    Add 50 μl of freshly prepared silylation reagent solution.   
   (e)    After 30 min at room temperature, evaporate the silylation 

reagent under a stream of N 2  and redissolve the residue in 
10 μl of hexane.   

3.3  Purifi cation 
of Hydroxy-AEA

3.4  Analytical 
Characterization
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   (f)    Analyze aliquots by GC/MS, equipped with a CP-Sil 5 
CB-MS (or equivalent) column (25 m × 0.25 mm ×
0.25 μm). The column temperature is held at 200 °C for 
1 min, increased in 13 min to 330 °C, and held at this 
temperature for 2 min. Mass spectra are recorded under 
electron impact with an ionization energy of 70 eV.    

      5.    Record IR spectra on an FTIR spectrometer from 4000 to 
400 cm −1  with a resolution of 4 cm −1  and a co-addition of 60 
scans in a N 2  atmosphere at 20 °C. Correct the spectra with a 
co-addition of 60 blank scans and a manual baseline correction.   

   6.    Record UV absorption spectra from 200 to 300 nm on 40 μM 
hydroxyl-AEA in methanol with a diode array spectrophotom-
eter ( see   Note 6 ).   

   7.    Record CD spectra (resolution of 1 nm and 20 scans, 10 nm/
min) in a 1.0 cm cuvette at 20 °C on a CD spectrophotometer 
from 210 to 270 nm, using metabolites at a concentration of 
40 μM in methanol (see Note 7).      

    5  R  /  S  -HAEA [5(  R  /  S  )-Hydroxy-eicosa-6  E  ,8  Z  ,11  Z  ,14  Z  - 
tetraenoyl-   N  -(2-hydroxyethyl) amine].  Produced by barLOX: 
 1 H NMR (CDCl 3 ):  δ  6.55 (dd,  J  = 13.6, 10.6 Hz 1H), 6.02 
(t  J  = 10.5 1H), 5.71 (dd,  J  = 13.6 Hz, 1H), 5.39 (m, 5H), 4.16 
(m, 1H), 3.72 (t, 2H), 3.42 (q, 2H), 2.97 (m, 2H), 2.81 (m, 2H), 
2.22 (t,  J  = 7.8 Hz, 2H), 2.11 (m, 2H), 1.72 (q,  J  = 6.2 Hz 2H), 
1.34 (m, 6H), 0.89 (t,  J  = 6.2 Hz, 3H). NaBH 4  and H 2  reduced, 
hydrogenated trimethyl silyl ether GC/MS  m / z  515 [M + ], 500 
[M + −CH 3 ], 313 [C 16 H 32 OTMS + ], 304 [M + −C 15 H 31 ], 214 [304- 
TMSOH], 116 [C 2 H 3 OTMS + ], 73 [TMS + ]. 

  11  S  -HAEA [11(  S  )-Hydroxy-eicosa-5  Z  ,8  Z  ,12  E  ,14  Z  - tetraenoyl- 
  N  -(2-hydroxyethyl)amine].  Produced by barLOX:  1 H NMR 
(CDCl 3 ):  δ  6.52 (dd,  J  = 11.0; 10.1 Hz 1H), 5.98 (t,  J  = 11.0 Hz 
1H), 5.69 (dd,  J  = 15.1; 6.5 Hz 1H), 5.40 (m, 5H), 4.23 (q, 2H), 
3.72 (t,  J  = 4.6 Hz, 2H), 3.42 (q  J  = 5.5 Hz; 2H), 2.81 (m, 2H), 2.32 
(m, 2H), 2.22 (t,  J  = 7.4 Hz; 2H), 2.12 (m, 4H), 1.73 (q, 2H), 
1.25 − 1.38 (m, 6H), 0.88 (t,  J  = 6.9 3H). NaBH 4  and H 2  reduced, 
hydrogenated trimethyl silyl ether  GC/MS  m / z  515 [M + ], 500 
[M + −CH 3 ], 388 [M + −C 9 H 19 ], 229 [C 10 H 20 OTMS + ], 116 
[C 2 H 3 OTMS + ], 73 [TMS + ]. 

  12  S  -HAEA [12(  S  )-Hydroxy-eicosa-5  Z  ,8  Z  ,10  E  ,14  Z  - tetraenoyl- 
  N  -(2-hydroxyethyl)amine].  Produced by bovLOX:  1 H NMR 
(CDCl 3 ):  δ  6.58 (dd,  J  = 14.2 Hz 1H), 5.99 (t,  J  = 10.5 Hz 1H), 5.74 
(dd,  J  = 6.2 Hz 1H), 5.40 (m, 5H), 4.25 (q, 1H), 3.72 (t,  J  = 4.6 Hz 
2H), 3.42 (q,  J  = 4.6 Hz 2H), 2.95 (m, 2H), 2.33 (m, 2H), 2.21 (t, 
 J  = 7.5 Hz 2H), 2.10 (m, 4H), 1.74 (q,  J  = 7.3 Hz, 2H), 1.28 (m, 
6H), 0.89 (t,  J  = 6.9 Hz 3H). NaBH 4  and H 2  reduced, hydrogenated 
trimethyl silyl ether GC/MS  m / z  515 [M + ], 500 [M + −CH 3 ], 402 

3.5  Chemical Data 
of the Oxygenated 
Derivatives
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[M + −C 8 H 17 +], 215 [C 9 H 18 OTMS + ], 116 [C 2 H 3 OTMS + ], 73 
[TMS + ]. 

  15  S  -HAEA [15(  S  )-Hydroxy-eicosa-5  Z  ,8  Z  ,11  Z  ,13  E  - tetraenoyl- 
  N  -(2-hydroxyethyl)amine].  Produced by soyLOX:  1 H NMR 
(CDCl 3 ):  δ  6.55 (dd,  J  = 15.4;12,2 Hz 1H), 6.00 (t,  J  = 10.7 Hz, 
1H), 5.72 (dd,  J  = 7.2 Hz, 1H), 5.40 (m, 5H), 4.12 (q, 1H), 3.72 (t, 
2H) 3.42 (q, 2H), 2.97 (m, 2H), 2,82 (m, 2H), 2.22 (t,  J  = 7.5 Hz, 
2H), 2.11 (m, 2H), 1.72 (q,  J  = 7.3 Hz, 2H), 1.56 (m, 2H), 1.31 
(m, 6H), 0.89 (t,  J  = 6.9 Hz, 3H). NaBH 4  and H 2  reduced, hydroge-
nated trimethyl silyl ether GC/MS  m / z  515 [M + ], 500 [M + −CH 3 ], 
444 [M + −C 5 H 11 ], 173 [C 6 H 11 OTMS + ], 116 [C 2 H 3 OTMS + ], 73 
[TMS + ]. 

  5,15-diHAEA [5,15-Dihydroxy-eicosa-6  E  ,8  Z  ,11  Z  ,13  E  -tetraenoyl-
  N  -(2-hydroxyethyl) amine].  Produced by soyLOX:  1 H NMR 
(CDCl 3 ):  δ  6.58 (m, 2H), 6.01 (m, 2H), 5.72 (m, 2H), 5.43 (m, 
2H), 4.21 (m, 2H), 3.72 (t,  J  = 4.6 Hz, 2H), 3.42 (q,  J  = 4.6 Hz, 
2H), 2.97 (m, 2H), 2.28 (t,  J  = 6.9 Hz, 2H), 1.76 (m, 2H), 1.57 
(m, 4H), 1.30 (m, 6H), 0.89 (t, 3H). NaBH 4  and H 2  reduced, 
hydrogenated trimethyl silyl ether GC/MS  m / z  603 [M + ], 588 
[M + −CH 3 ], 532 [ M + −C 5 H 11 ], 304 [M + −C 15 H 31 ], 214 [304-
TMSOH], 116 [C 2 H 3 OTMS + ], 73 [TMS + ]. 

  8,15-diHAEA [8,15-Dihydroxy-eicosa-5  Z  ,9  E  ,11  Z  ,13  E  - tetraenoyl-
   N  -(2-hydroxyethyl) amine].  Produced by soyLOX:  1 H NMR 
(CDCl 3 ):  δ  6.70 (m, 2H), 5.97 (m, 2H) 5.74 (m, 2H), 5.46 
(m,2H), 4.27 (m, 1H), 4.18 (m, 1H), 3.72 (t,  J  = 4.6 Hz, 2H), 
3.42 (q,  J  = 4.6 Hz, 2H), 2.32 (m, 2H), 2.19 (t,  J  = 6.9 Hz, 2H), 
2.09 (q, 2H), 1.70 (m, 2H), 1.50 (m, 2H), 1.32 (m, 6H), 0.88 (t, 
3H). NaBH 4  and H 2  reduced, hydrogenated trimethyl silyl ether 
GC/MS  m / z  603 [M + ], 588 [M + −CH 3 ], 532 [M + −C 5 H 11 ], 346 
[M + −C 12 H 24 OTMS], 173 [C 6 H 11 OTMS + ], 116 [C 2 H 3 OTMS + ], 
73 [TMS + ].   

4    Notes 

     1.    This procedure is not suitable for the generation of lipoxygen-
ase products of 2-AG, because of the chemical instability of 
this endocannabinoid that rapidly isomerizes to 1-AG during 
the incubation.   

   2.    All solutions where organic solvents or reagents are involved 
should be in glass. Small beaker glasses (20–100 ml) or autos-
ampler vials (1–20 ml) with PTFE septa are recommended.   

   3.    Use 5 U soyLOX to produce 8( S ),15( S )-dihydroxy AEA and 
5( S ),15( S )-dihydroxy-AEA.   

   4.    Incubate 2 U barLOX with 5 μmol AEA in 50 ml of 0.1 M 
phosphate buffer (pH 7.4) for 60–90 min at 20 °C, to pro-
duce 5( S )- and 11( S )-hydroxy AEA.   
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   5.    Incubate 2 U bovLOX with 5 μmol AEA in 50 ml of 0.1 M 
phosphate buffer (pH 7.4) for 60–90 min at 20 °C, to pro-
duce 12S-hydroxy-AEA. Skip  step 2 , because the products are 
already reduced.   

   6.    Alternatively, hydroxyl-AEAs can be separated with a 20-min 
linear gradient of methanol/water/acetic acid, from 
60/40/0.1 (vol/vol/vol) to 95/5/0.1 (vol/vol/vol), at 
1 ml/min on an analytical Cosmosil 5C18 ARII (5 μm, 
250 × 4.6 mm) column.   

   7.    A molar absorbance of 23,000 M −1  cm −1  at 236 nm is used to 
quantify hydroxy-AEAs. For 8,15- and 5,15-dihydroxy-AEAs, 
molar absorbances of 40,000 M −1  cm −1  at 269 nm and of 
33,500 M −1  cm −1  at 243 nm are used, respectively.         
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    Chapter 23   

 Assay of Endocannabinoid Oxidation by Cytochrome P450                     

     Natasha     T.     Snider     ,     Vyvyca     J.     Walker    , and     Paul     F.     Hollenberg     

  Abstract 

   Cytochrome P450 enzymes are a large family of heme-containing proteins that have important functions in 
the biotransformation of xenobiotics, including pharmacologic and environmental agents, as well as of 
endogenously produced chemicals with broad structural and functional diversity. Anandamide and 2-arachi-
donoylglycerol (2-AG) are substrates for P450s expressed in multiple tissues, leading to the production of a 
diverse set of mono- and di-oxygenated metabolites. This chapter describes tools and methods that have been 
used to identify major endocannabinoid-metabolizing P450s and their corresponding products, by using 
subcellular tissue fractions, cultured cells, and purifi ed recombinant enzymes in a reconstituted system.  

  Key words     P450 epoxygenase  ,   P450 hydroxylase  ,   Metabolism  ,   Oxidation  ,   Microsomes  ,   Liquid chro-
matography-mass spectrometry  ,   Eicosanoid  

1      Introduction 

 Due to their structural similarity  to   arachidonic acid, the endo-
cannabinoids anandamide and 2-AG are substrates for the three 
major classes of eicosanoid-metabolizing enzymes like cyclooxy-
genases, lipoxygenases,  and   cytochrome P450 [ 1 – 3 ]. The P450 
branch of endocannabinoid metabolism yields a vast number of 
hydroxylated and epoxygenated products in vitro [ 4 – 9 ]. 
Furthermore, the epoxides of anandamide are subject to second-
ary metabolism via P450-mediated hydroxylation and epoxide 
hydrolase-mediated hydrolysis [ 6 ] (Fig.  1 ).

   The 5,6-EET-EA metabolite  of   anandamide has increased sta-
bility compared to anandamide itself, and binds to type-2 cannabi-
noid (CB 2 ) receptor with nanomolar affi nity, leading to decreased 
cAMP production in CB 2 -expressing cells [ 10 ]. Murine BV-2 
microglial cells stimulated with the pro-infl ammatory cytokine 
interferon-γ (IFNγ) upregulate P450 3A1, leading to increased 
production of 5,6-EET-EA when the cells are treated  with   anan-
damide [ 10 ]. Similarly, the 2-AG epoxides 2-11,12- epoxyeicosatri
enoylglycerol (EG) and 2-14,15-EG, which are generated  by   P450 
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epoxygenases, are ligands for the cannabinoid receptors, and are 
able to trigger downstream signaling events in cells (ERK signaling 
activation and cell migration) and physiological responses in mice 
(hypomotility, hypothermia, vasorelaxation) [ 11 ,  12 ]. Therefore, 
at least some of the P450-generated products of anandamide and 
2-AG may be components of bioactivation pathways under specifi c 
contexts. Given that endocannabinoids are produced on demand 
and their concentrations are not easily quantifi ed in tissues, study-
ing the fate and functions of their metabolic products in vivo is a 
challenging task. Therefore, the physiological relevance of endo-
cannabinoid metabolites generated by P450s, as well as by other 
endocannabinoid oxygenases, remains to be fully determined. In 
 vitro   P450 metabolism assays are useful to determine the contribu-
tion of specifi c P450 isoforms, thus elucidating the structural iden-
tity and kinetic parameters of substrate formation, and 
understanding the signaling pathways that may alter the P450 
branch of endocannabinoid metabolism. 

 The three major tools to carry out in vitro metabolic assays of 
endocannabinoids are tissue microsomes (endoplasmic reticulum 
membranes enriched in P450s), purifi ed P450s, and P450- 
expressing cells in culture. In general, the metabolic products are 
separated and analyzed by  using   liquid chromatography coupled 
with mass spectrometry (Fig.  2 ). Since P450 isoform-specifi c 
expression and activity change dynamically in response to (patho)
physiological conditions, tissue-derived microsomes represent a 
valuable tool for investigating context-specifi c metabolic changes. 
Primary cells or cell lines are well suited for mechanistic studies, 
whereas purifi ed enzymes are critical for performing  enzyme   kinet-
ics and characterization of specifi c metabolites.

  Fig. 1    Cytochrome P450 and epoxide hydrolase-derived anandamide metabolites.  HETE-EA  hydroxyeicosatet-
raenoic acid ethanolamide,  EET-EA  epoxyeicosatrienoic acid ethanolamide,  HEET-EA  hydroxy- 
epoxyeicosatrienoic acid ethanolamide,  DHET-EA  dihydroxyeicosatrienoic acid ethanolamide       
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2       Materials 

 Microsomes should be prepared from freshly harvested tissues 
whenever possible, in order to minimize variability in the prepara-
tions [ 13 ]. In addition to microsomes, brain mitochondria are also 
enriched in P450s [ 14 ], so we recommend to analyze also this frac-
tion in the context of brain P450s. Other sources of P450 enzymes 
are primary cells (most commonly hepatocytes) or recombinant 
enzymes that are used in a reconstituted system ( see   Note 1 ). 
Microsomes prepared from different human  and   animal tissues 
(generally in a pooled format), primary hepatocytes, and purifi ed 
P450s are available from numerous commercial sources that are 
specialized in drug metabolic products ( see   Note 2 ). 

       1.    Source of P450: Tissue microsomes, cells, or purifi ed P450.   
   2.    Homogenization buffer for subcellular fractionation: 0.32 M 

Sucrose, 50 mM KH 2 PO 4 , 1 mM EDTA, 0.1 mM dithioth-
reitol, pH 7.4.   

   3.    Microsomal buffer: 100 mM KH 2 PO 4 , 0.2 mM EDTA, 
0.5 mM dithiothreitol, 20 % (vol/vol)    glycerol, pH 7.4.   

   4.    100 mM Potassium phosphate (KPO4) buffer, pH 7.4: Make 
1 M K 2 HPO 4  (dissolve 174.18 g in 1 l of water) and 1 M 
KH 2 PO 4  (dissolve 136.09 g in 1 l of water). Mix 80.2 ml of 1 M 
K 2 HPO 4  with 19.8 ml of 1 M KH 2 PO 4 , and dilute the mixture 
to 1 l with water to obtain 100 mM potassium phosphate buffer 
at pH 7.4.   

   5.    Endocannabinoid substrate (   anandamide or 2-AG): Prepare 
stock solutions by using nitrogen-purged ethanol, and store at 
−80 °C in tightly capped silanized glass vials. Stocks should be 
used within 4 weeks.   

2.1  Components 
for Metabolic 
Reactions

  Fig. 2    General workfl ow for studying P450-mediated endocannabinoid metabolism in vitro       

 

Endocannabinoid Metabolism by P450s



230

   6.    NADPH (nicotinamide adenine dinucleotide phosphate) 
cofactor: To make a 50 mM stock solution dissolve 42 mg 
β-NADPH in 1 ml of water. NADPH solutions should be pre-
pared fresh just before use, and should be kept on ice. Use 
stocks at 1 mM fi nal concentration in reaction mixtures.   

   7.    Catalase: From bovine liver, use at 50 U per reaction for use in 
the reconstituted system ( see   Note 3 ).   

   8.    Lipid mixture for reconstitution of purifi ed P450s: Use 10 μg per 
reaction of a 1:1:1 mixture of  L -α-dilauroyl-phosphocholine,  L -α-
dioleyl- sn -glycero-3-phosphocholine, and  L -α-phosphatidylserine.   

   9.    P450 reductase: Purifi ed recombinant enzyme, use at 50 pmol 
per reaction. For use in the reconstituted system.   

   10.    Epoxide hydrolase: Purifi ed recombinant enzyme, use at 1:1 
ratio to P450.   

   11.     P450   inhibitors: Broad and isoform-selective chemical  and 
  antibody inhibitors for various P450s are widely available from 
multiple commercial sources.      

       1.    Ethyl acetate.   
   2.    Methanol.   
   3.    Acetic acid.   
   4.    Deuterated standards for quantitation:  Deuterated   anan-

damide or 2-AG. All stock solutions, prepared using nitrogen-
purged ethanol, should be stored in tightly capped silanized 
glass vials at −80 °C, and should be used within 4 weeks.   

   5.    EET-EA and HETE-EA standards for generating standard 
curves ( see   Note 4 ).   

   6.    Reversed- phase   liquid chromatography column.   
   7.    HPLC system.   
   8.    Solvent A: 0.1 % Acetic acid in water.   
   9.    Solvent B: 0.1 % Acetic acid in methanol.   
   10.    Mass spectrometer.       

3    Methods 

       1.    Fresh or frozen tissue samples are placed on ice in 2–4 volumes 
of homogenization buffer (0.32 M sucrose, 50 mM KH 2 PO 4 , 
1 mM EDTA, 0.1 mM dithiothreitol, pH 7.4), and are homog-
enized (100 strokes) to a suspension by using a Potter- Elvehjem 
polytetrafl uoroethylene (PTFE) pestle and glass tube homog-
enizer. It is best to start with at least 0.25–0.50 g tissue, which 
may require pooling of small-size samples (e.g., patient- derived 
material).   

2.2  Components 
for Metabolite 
Extraction 
and Analysis

3.1  General Protocol 
for the Preparation 
of Tissue Mitochondria 
and Microsomes

Natsha T. Snider et al.
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   2.    The starting tissue homogenate is centrifuged for 8 min at 
1500 ×  g , the pellet is discarded, and the supernatant is col-
lected and centrifuged again for 20 min at 12,000 ×  g .   

   3.    After an additional wash in homogenization buffer and cen-
trifugation for 20 min at 12,000 ×  g , the pellet from  step 2  is 
resuspended in 2–4 volumes of homogenization buffer (this is 
the mitochondrial fraction).   

   4.    The supernatant from  step 2  is centrifuged at 105,000 ×  g  for 
75 min using a table-top or preparative ultracentrifuge.   

   5.    The supernatant is discarded and the pellet from  step 4  is washed 
once in microsomal buffer (100 mM KH 2 PO 4 , 0.2 mM EDTA, 
0.5 mM dithiothreitol, 20 % (vol/vol) glycerol, pH 7.4), and 
centrifuged again for 75 min at 105,000 ×  g . The washed pellet 
is resuspended in buffer B (this is the microsomal fraction).   

   6.    Protein concentration of the mitochondrial and microsomal 
fractions is measured using a reducing agent-compatible 
protein assay kit.   

   7.    Protein samples are analyzed for the presence of specifi c organ-
elle marker proteins (e.g., mitochondrial cytochrome c and 
 microsomal   cytochrome P450 reductase) by Western blot, as a 
quality control of the fractionation procedure.   

   8.    The fractions are aliquoted and stored at −80 °C for long-term 
use in metabolic reactions.      

       1.     Microsomes : Incubation mixtures generally contain 75–100 μg 
microsomal protein, endocannabinoid substrate (0.1–100 μM 
dose range), and 100 mM KPO 4  buffer pH 7.4 in a fi nal vol-
ume of 0.5 ml. The reactions are incubated for 10 min ( see  
 Note 5 ), and are initiated by the addition of 1 mM NADPH. A 
negative control (without NADPH) should always be included. 
Prior to the addition of NADPH, microsomes may be preincu-
bated for 5 min with chemical  or   antibody inhibitors, in order 
to assay the relative contribution of specifi c P450 isoforms to 
 endocannabinoid   metabolism ( see   Note 6 ).   

   2.     Cells in culture : For cell-based studies endocannabinoid sub-
strate (20 μM starting concentration) in serum-free medium is 
added to the cells (plated onto 10 cm dishes), and incubation 
follows for 45 min ( see   Note 7 ).   

   3.     Purifi ed P450s : For metabolic reactions with purifi ed P450s in 
an in vitro-reconstituted system mixtures contain 25–50 pmol 
of purifi ed enzyme, 2 molar excess of P450 reductase, 10 μg of 
lipid mixture, and 50–500 U of catalase in 100 mM potassium 
phosphate buffer. After 45-min incubation on ice, substrate 
and NADPH are added, and the reactions are stopped after 

3.2  Metabolic 
Reactions

Endocannabinoid Metabolism by P450s
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10 min ( see   Note 8 ). To assay  secondary   metabolism of epox-
ides, purifi ed recombinant microsomal epoxide hydrolase may 
be added to the reconstitution reaction during the 45-min 
incubation, prior to the addition of substrate and NADPH.      

       1.    After incubations are completed, all reactions containing either 
microsomal or purifi ed P450s are spiked with 100 pmol of 
deuterated endocannabinoid standard (internal control for 
extraction effi ciency), are immediately stopped by the addition 
of 4 reaction volumes (2 ml) of nitrogen-purged ethyl acetate, 
and are vortexed for 1–2 min.   

   2.    Cultured cells are scraped into their medium and subjected to 
several freeze-thaw cycles to induce lysis. Samples are spiked 
with deuterated internal standard and extracted as above.   

   3.    For quantitation studies, standard curves are generated by 
extracting known amounts of synthetic standards (EET-EAs and 
HETE-EAs) from the same matrix components as the reactions 
(e.g., potassium phosphate buffer or serum-free culture medium).   

   4.    Samples are centrifuged at 1200 ×  g  to separate the top organic 
ethyl acetate layer from the bottom aqueous layer.   

   5.    The organic layer is carefully collected, dried under a gentle 
stream of nitrogen, and resuspended in 100 μl of 100 % metha-
nol ( see   Note 9 ).      

       1.    Samples are loaded onto autosampler vials, and 10 μl is injected 
onto the appropriate reversed-phase column. We use a 
4.6 × 100 mm Hypersil ODS column, 5 μm particle size 
(Thermo Scientifi c).   

   2.    The column is pre-equilibrated with 75 % Solvent B and 25 % 
solvent A. Metabolites are resolved through the following gra-
dient: 0–5 min, 75 % B; 5–20 min, 75–100 % B; 20–25 min, 
100 % B; 25–26 min, 100–75 % B; and 26–30 min, 75 % 
B. The fl ow rate is 0.3 ml/min.   

   3.    The mass spectrometer conditions  for   anandamide metabolism 
on an LCQ mass analyzer (Thermo Scientifi c) are as follows: 
sheath gas, 90 U; auxiliary gas, 0 U; capillary temperature 200 °C, 
and spray voltage 4.5 V. Data are acquired in positive ion mode by 
using one full scan from 300 to 500 mass-to- charge ( m / z ) ratios 
and one data-dependent scan of the most intense ion.      

       1.    Typical metabolic data  using   anandamide as substrate are 
shown for several purifi ed P450s (Fig.  3 ), BV-2-cultured 
microglia cells (Fig.  4 ), and human liver microsomes (Fig.  5 ).

         2.    Using running conditions as specifi ed above,  m / z  ratios of anan-
damide, EET-EAs, HETE-EAs, DHET-EAs, and HEET- EAs 
are 348, 364, 364, 382, and 380. The elution order is as follows: 

3.3  Extraction 
of Metabolites 
and Known Standards

3.4  Liquid 
Chromatography-
Mass Spectrometry 
Analysis

3.5  Data Analysis

Natsha T. Snider et al.
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  Fig. 3    Metabolism of anandamide by purifi ed P450s 2D6, 2C9, and 2C19 in the reconstituted system, in the 
presence and absence of microsomal epoxide hydrolase.  Left  panels show the mono-oxygenated HETE- and 
EET-EAs (note the different metabolic profi les depending on the enzyme).  Right  panels show the di-oxygenated 
DHET-EAs, generated in the presence, but not in the absence, of microsomal epoxide hydrolase (mEH)       

  Fig. 4    P450 metabolites of anandamide formed by murine microglial BV-2 cells. The cells were either unstimu-
lated or treated with lipopolysaccharide (LPS, 0.1 μg/ml for 24 h). Note the increased conversion of exoge-
nously added anandamide to 5,6-EET-EA after LPS stimulation       
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HEET- EAs between 7 and 14 min; DHET-EAs between 11 and 
18 min; 20-HETE-EA at 15 min; EET-EAs between 17 and 
21 min; and the parent compound anandamide at 23 min.   

   3.    Metabolite peak areas can be integrated by using an appropri-
ate software (Xcalibur in our laboratory), and are expressed as 
ratios to the internal standard (d8-anandamide,  m / z  356) in 
order to check extraction effi ciency.   

   4.    Peak areas of the synthetic metabolite standards (also normal-
ized to an internal control) are similarly integrated to generate 
a standard curve ( see   Note 10 ).       

4    Notes 

     1.    Please note that primary cells should be used whenever possi-
ble, since most immortalized cell lines have generally low basal 
P450 expression and activity, as well as limited potential for 
P450 induction [ 15 ].   

   2.    There is no standardized method for preparing  tissue   micro-
somes, and commercially available hepatic microsome prep-
arations vary signifi cantly in their P450 content and activity: 
this is a major  caveat  for these studies. We recommend to 
begin with a general subcellular fractionation protocol and 
to further optimize the specifi c buffer conditions. Although 
starting with fresh tissue is ideal, microsomes can also be 
prepared from snap-frozen human  or   animal tissues that 
have been properly stored for short or long term in liquid 
nitrogen [ 16 ].   

  Fig. 5    Metabolism of anandamide by human liver microsomes in the presence and absence of an inhibitory 
antibody to P450 3A4. Shown are the di-oxygenated DHET-EA products, generated by microsomal epoxide 
hydrolase metabolism of the corresponding EET-EAs (extracted ion chromatogram  m / z  = 382)       
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   3.    Catalase is added to prevent inactivation of P450s by hydrogen 
peroxide. For P450 2D6 and P450 Supersomes™ assays, we 
add 500 U catalase. Supersomes™ Corning are commercially 
available microsomes from baculovirus-infected insect cells 
that express a specifi c P450 enzyme.   

   4.    Synthetic standards for most P450-generated endocannabi-
noid metabolites are not commercially available. Hydroxylated 
 and   epoxygenated metabolites  of   anandamide (20-HETE-EA, 
5,6-EET-EA, 8,9-EET-EA, 11,12-EET-EA, 14,15-EET-EA) 
and 14,15 epoxide of 2-AG (2-14,15-EG) can be purchased 
from Cayman Chemical.   

   5.    Please note that at high substrate concentration (e.g., 100 μM) 
we observe enzyme inhibition. Therefore, a dose-response 
curve should always be performed. All quantitation experi-
ments  for   kinetic purposes must be performed using substrate 
concentrations that are within the linear dynamic range of 
detection of the instrument used.   

   6.    For chemical inhibition studies, a vehicle control should be 
included, and a negative control antibody (such as hen egg 
lysozyme) should be included in reactions containing inhibi-
tory antibodies.   

   7.    Cell seeding density, time of incubation, and endocannabinoid 
concentrations should be optimized depending on the cell 
type. Also note that the signal-to-noise ratios are signifi cantly 
lower for whole-   cell assays than for purifi ed P450s and micro-
somes, due to the presence of other cellular lipid components 
in the organic extract.   

   8.    Longer reaction times may be required when studying the 
reaction products of P450s with slower turnover rates, such as 
P450 2J2. This also holds true for microsomal studies.   

   9.    If a precipitate persists after prolonged vortexing, additional 
solvent should be added to ensure complete solubilization 
prior to injection onto the column. DMSO may also be added 
up to 10 %, to improve solubility.   

   10.    Since authentic standards for most P450-generated endocan-
nabinoid metabolites are not currently available, structurally 
similar products may be used for generating standard curves 
that would allow to estimate metabolite concentrations.         
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Chapter 24

Assessing Gene Expression of the Endocannabinoid 
System

Mariangela Pucci and Claudio D’Addario

Abstract

Real-time quantitative reverse transcription polymerase chain reaction (real-time qRT-PCR), a major 
development of PCR technology, is a powerful and sensitive gene analysis technique that revolutionized 
the field of measuring gene expression. Here, we describe in detail RNA extraction, reverse transcription 
(RT), and relative quantification of genes belonging to the endocannabinoid system in mouse, rat, or 
human samples.

Key words Real-time quantitative polymerase chain reaction, RNA extraction, Reverse transcription, 
Fluorescent signals, Endocannabinoid system genes

1  Introduction

Polymerase chain reaction (PCR) has been adopted in many fields 
since it was first described in 1987 [1]. This three-step reaction 
allows the exponential increase of nucleic acid amount from com-
plex biological materials, whose amount can be determined accord-
ing to different strategies.

Reverse transcription (RT) followed by PCR monitors the 
increase of products generated during the reaction, by measur-
ing in “real time” fluorescent changes on the basis of time or 
cycle at which amplification is first detected [2–5]. A fluorescent 
reporter is added to the reaction and the increase in fluorescence 
at each PCR cycle allows to quantify cDNA formation. The 
points at which fluorescent signals become detectable, or cross 
some arbitrary threshold value, are determined for each sample. 
The signals from different targets (housekeeping genes and 
genes under investigation) are usually amplified together, in 
order to make a relative quantitation. Thus, the qualitative “end-
point” assay represented by conventional PCR has been over-
come by quantitative RT-PCR that following the kinetics of 
product formation has emerged as the most sensitive method for 
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assaying gene expression levels.This is particularly valuable when 
transcripts are not abundant in a sample, or small changes in 
mRNA levels have to be detected.

Quantitative RT-PCR (qRT-PCR) assays are easy to perform 
and offer the advantage to combine high specificity, sensitivity, and 
reproducibility. However, this technique retains the typical prob-
lems of a classical PCR (e.g., amplification efficiency, amplification 
of unspecific products, primer-dimer and hetero-duplex forma-
tion); therefore it is crucial to recall that standardization and qual-
ity controls are always needed.

Here, we describe the quantitation of key members of the ubiq-
uitous endocannabinoid system by qRT-PCR, an important tool to 
monitor their dynamic regulation in different cells and tissues, as 
well as under different physiological and pathological conditions.

2  Materials

Use reagenwts of high analytical grade and always prepare buffers 
with RNase/DNase-free water.

TRIzol Reagent or equivalent buffer containing phenol and guani-
dine isothiocyanate.

75 % Ethanol: To 100 ml of solution, add 75 ml of ethanol 
(≥99.8 %) and 25 ml of RNase/DNase-free water.

Refrigerated centrifuge and rotor capable to reach up to 
12,000 × g.

Polypropylene microcentrifuge tubes with a capacity of 1.5 ml 
(sterile).

Heat block (at 60 °C).

Polypropylene microcentrifuge sterile tubes.
Spectrophotometer.
Horizontal electrophoresis system.
TAE (Tris-acetate-EDTA) buffer: Dissolve 4.85 g in 800 ml of 

water, and add 1.14 ml of glacial acetic acid and 2 ml of 0.5 M 
EDTA (pH 8.0). Add deionized water to 1 l, and store at room 
temperature (RT).

One % agarose gel: Weigh out 1 g of agarose into a 250 ml 
conical flask. Add 100 ml of TAE, and swirl to mix. Microwave for 
about 1 min to dissolve agarose (see Note 1), then cool it down on 
the bench for 5 min to about 60 °C, and add 10 μl of a 10 mg/ml 
solution of GelRed. Pour the gel slowly into the tank. Remove any 
air bubbles using a disposable tip, insert the comb, and check that 
it is correctly positioned.

Gel loading buffer (5×): Dissolve 25 mg bromophenol blue 
and 4 g of sucrose in 10 ml of H2O (see Note 2).

DNA ladders (see Note 3).

2.1  RNA Isolation

2.2  Determination 
of RNA Yield 
and Integrity

Mariangela Pucci and Claudio D’Addario
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Polypropylene microcentrifuge sterile disposable plastic (tubes, 
strips, and caps).

cDNA Synthesis Kit.
Thermocycler.

Opaque or clear optical plastic for qPCR, based on the available 
RT-PCR instrument (i.e., tube and cap strips, or 96/384-well 
plates and adhesive films).

SYBR Green Master Mix.
Oligonucleotide forward and reverse PCR primers (see Note 4 

and Table 1).
RNase/DNase-free water.
RT-PCR instrument (see Note 5).

3  Methods

Homogenize the samples at RT by adding the TRIzol Reagent as 
suggested by the manufacturer [6] (see Note 6).

Increase the chemical/enzymatic activity with mechanical/
physical methods (see Note 7).

2.3  RT Reaction

2.4  qRT-PCR 
Reaction

3.1  RNA Isolation

Table 1 
List of primers used for quantitative real-time RT-PCR

Gene Human (9) Mouse (10) Rat (11)

CB1 F ccttttgctgcctaaatccac ccaagaaaagatgacggcag ttccaccgtaaagacagccc

R ccactgctcaaacatctgac aggatgacacatagcaccag tccacatcaggcaaaaggcc

CB2 F tcaaccctgtcatctatgctc tcgcttacatccttcagacag ttgaccgatacctatgtctgtgc

R agtcagtcccaacactcatc tcttccctcccaactccttc tgctttccagaggacataccc

“CB3” F atctacatgatcaacctggc attcgattccgtggataagc atgctggtatgggttggaagc

R atgaagcagatggtgaagacgc tgctgatgaagtagaggc atgatgcaggctctctttcg

TRPV1 F tcacctacatcctcctgctc tgaactggactacctggaac attgaacggcggaacatgacg

R aagttcttccagtgtctgcc tccttgaagacctcagcatc atctcttccagcttcagcg

FAAH F cccaatggcttaaaggactg aaggcctgggaagtgaacaaagg atggaagtcctccaagagc

R atgaaccgcagacacaac aacctcctggactcttggagg tagagctttcaggcatagcg

NAPE-
PLD

F ttgtgaatccgtggccaacatgg aagtgtgtcttctaggttctcc tgtcccgggttccaaagaggagc

R tactgcgatggtgaagcacg ttgtcaagttcctctttggaacc accatcagcgtcgcgtgtcc

DAGL F gccaccaagaggaggcagcg aatggctatcatctggctgagc attctctccttcctcctgc

R ccgcgtgcagcagaggaaca ttccgagggtgacattcttagc atttgggcttggtgcttcg

MAGL F atgcagaaagactaccctgggc ttgtagatactggaagccc atgttgaagaggctggacatgc

R ttattccgagagagcacgc atggtgtccacgtgttgcagc atgcagattccggattggc

Gene Expression by qRT-PCR
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Incubate the homogenate for 5–10 min at RT, and wait for 
total dissociation of the sample.

Add 0.1 ml of chloroform per 0.5 ml of TRIzol Reagent used 
in the first step, and incubate for 2–3 min at RT.

Centrifuge at 12,000 × g for 15 min at 4 °C (Fig. 1, see Note 8).
Without perturbing the interface, carefully recover the aque-

ous phase to a fresh tube (see Note 9).
Add 0.25 ml of 100 % isopropanol to the aqueous phase, and 

incubate at RT for 10 min.
Centrifuge at 12,000 × g for 10 min at 4 °C.
Remove the supernatant from the tube and wash the pellet 

with 0.5 ml of 75 % ethanol.
Vortex the sample and then centrifuge the tube at 7500 × g for 

5 min at 4 °C.
Remove the supernatant and air-dry the pellet for 10 min at 

RT (see Note 10).
Resuspend the RNA in 30 μl of RNase/DNase-free water, and 

incubate in a heat block set to 60 °C for 15 min.
Samples can be stored at this stage at −80 °C for later use.

The integrity of purified RNA is critical to all techniques that assess 
gene expression.

In a 0.2 ml tube, dilute sample in RNase/DNase-free water 
(e.g., 2 μl of RNA and 98 μl of water) and measure the absorbance 
at 260, 280, and 230 nm (see Note 11).

Determine RNA concentration by using the formula A260 × dilu-
tion × 40 = μg RNA/ml.

Make the agarose gel as reported in Subheading 2.2. Leave to 
set for at least 30 min, and then pour TAE buffer into the gel tank 
to submerge the gel to 2–5 mm depth.

Transfer an appropriate amount of each sample (0.5–1.0 μg) to 
a microfuge tube, and add an appropriate amount of loading buf-
fer into each tube (e.g., to reach a concentration of 230 μg/μl 
RNA = 4.3 μl of RNA + 2 μl of gel loading buffer + 2.7 μl of water).

Load the first well with marker and continue to load the sam-
ples into the other wells of the gel.

Close the gel tank, switch on the power source, and run the gel 
at 80 V for 20 min.

Check that current flow is regular (see Note 12).
Monitor the progress of the gel by reference to the marker dye, 

and stop the run when the bromophenol blue is at 3/4 of the gel 
length.

Switch off and unplug the gel tank and look at the gel on the 
UV light box (Fig. 2).

3.2  Determination 
of RNA Yield 
and Integrity
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Use 1 μg of total RNA to produce cDNA with the cDNA Synthesis 
Kit, following the manufacturer’s instructions. Briefly: In a 0.2 ml 
tube, transfer 1 μg of total RNA and add 1 μl of oligo (dT)18 primer 
(total volume = 12 μl).

Mix gently, centrifuge briefly, incubate at 65 °C for 5 min, and 
then place the vial on ice (see Note 13).

Add the following components in the indicated order (total 
volume 20 μl): reaction buffer, RNase inhibitor (1 U), dNTP mix 
(1 mM), and reverse transcriptase (20 U).

Incubate for 60 min at 42 °C, and then heat the reaction at 
70 °C for 5 min to inactivate reverse transcriptase.

Each cDNA sample should be diluted between three- and ten-
fold (see Note 14).

The reverse-transcribed RNA can be used immediately for 
second-strand cDNA synthesis reactions, or it can be stored at 
−20  °C for less than a week. For longer storage, −70  °C is 
recommended.

3.3  RT Reaction

Fig. 1 Phenol-chloroform extraction used for RNA isolation. Following sample 
homogenization, three phases are visible: an upper aqueous phase, a lower 260 
organic phase, and an intermediate phase. RNA is present in the aqueous phase, 
and is collected and precipitated by adding isopropanol

Gene Expression by qRT-PCR
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Set up the following PCR program on an RT-PCR instrument:

1. 95 °C 5 min

2. 95 °C 10 s >40 cycles

3. 55/60 °C (see Note 15) 30 s

4. 72 °C 30 s

5. 72 °C 5 min

6. Melting curve (Fig. 3a): from 65 to 95 °C read every 0.5 °C and hold 
00:00:02 (see Note 16)

7. 4 °C pause

Prepare the following mixture in each optical tube/well (final 
volume = 25 μl):

	1.	 1/2 μl of cDNA.
	2.	 1 μl of 10 μM primer forward.
	3.	 1 μl of 10 μM primer reverse.
	4.	 12.5 μl of SYBR Green Master Mix (2×).
	5.	 RNase/DNase-free water to reach the final volume.

The final concentration of each primer (forward or reverse) in 
the mixture is 0.4 μM.

After PCR and dissociation curve analysis (melting curve) 
remove the tubes from the machine.

Check whether there is any bimodal dissociation curve or 
abnormal amplification plot.

Analyze the data with the software provided with your RT-PCR 
instrument.

This method for relative quantitation of gene expression deter-
mines the changes in steady-state mRNA levels of a gene across 
multiple samples, and expresses the values relative to the levels of 
an internal control mRNA (see Note 17).

The most relevant parameter for quantitation is the threshold 
cycle Ct (see Note 18 and Fig. 3b).

Differences in threshold cycle number (ΔCt) are used to quan-
tify the relative amount of the PCR target contained in each tube, 
according to the formula

	 DC C Ct t ttarget internal control= - 	

Relative expression of different gene transcripts is calculated using 
the ΔΔCt converted to relative expression ratio for statistical analy-
sis, as follows:

	 DD D DC C Ct t tsample control= - 	

Comparative expression level = 2−ΔΔCt (see Note 19).

3.4  qRT-PCR

3.4.1  Comparative Ct 
Method (ΔΔCt)

Mariangela Pucci and Claudio D’Addario



243

4  Notes

	 1.	The agarose solution can boil over very easily, so keep on check-
ing it. It is good to stop warming up after 45 s and give it a swirl.

	 2.	The loading buffer gives color and density to the sample, to 
make it easy to load it into the wells. Also, the dyes are nega-
tively charged in neutral buffers, and thus they move in the 
same direction as the DNA during electrophoresis. This allows 
you to monitor the progress of the gel. Density is provided by 
glycerol or sucrose in the buffer.

	 3.	DNA ladder is used for estimating the molecular weight of 
linear, double-stranded DNA fragments. The DNA ladder is 
composed of 20 highly purified, double-stranded DNA bands, 
spanning from 100 to 12,000 bp.

	 4.	Human, mouse, and rat primers used to PCR amplification 
were designed using the Primer 3 software (http://primer3.
ut.ee/) (Table 1).

	 5.	DNA Engine Opticon 2 Continuous Fluorescence Detection 
System (MJ Research, Waltham, MA, USA) was used to per-
form real-time PCR.

Fig. 2 Agarose gel electrophoresis. 1 and 0.5 μg of total RNA extracted from 
epithelial human cells run on a 1.0 % denaturing agarose gel. The 28S, 18S and 
5S ribosomal RNA bands are clearly visible in the RNA sample. mRNAs run as a 
smear, because they represent a heterogeneously sized population. Sometimes 
tRNAs might be visible at the bottom of the gel. At least 200 ng of RNA must be 
loaded onto a denaturing agarose gel, in order to be visualized. Mk Marker

Gene Expression by qRT-PCR
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	 6.	The sample volume should not exceed 10 % of the volume of 
TRIzol Reagent (e.g., to homogenize small pieces of tissue (20–
25 mg) and cellular pellets (2–3 × 106 cells) add 0.5 ml of buffer).

	 7.	Several methods are commonly used to physically lyse samples, 
including mechanical disruption, liquid homogenization, 
freeze/thaw cycles, and manual grinding.

	 8.	As a result of centrifugation, the mixture is separated into three 
phases: lower (phenol-chloroform or organic) phase contain-
ing DNA, lipids, and soluble proteins; interphase containing 
denatured proteins; and upper (aqueous) phase where RNA 
remains (Fig. 1).

	 9.	Remove the aqueous phase by angling the tube at 45° and 
pipetting the solution out. Avoid contamination that occurs 
when pipetting the organic phase and/or the interphase.

	10.	Avoid drying the RNA completely, because pellet could lose 
solubility.

	11.	It is necessary to determine RNA absorbance at different 
wavelengths, in order to ascertain whether the extract is 
contaminated by unwanted molecules. The absorbance 
ratio at 260/280 nm is used to assess protein contamina-
tion, whereas that at 260/230 nm reveals other contami-
nants like phenol, guanidine, or carbohydrates. For a pure 
RNA preparation, the 260/280 value is ~2, and the 
260/230 value is ~2.2.

	12.	The best way to check is to look at the electrodes and verify 
that they are evolving gas (i.e., bubbles).

	13.	RNA is first incubated with oligo(dT)18 primer at 65  °C to 
denature RNA secondary structure, and then it is quickly 
chilled on ice to let the primer anneal to the RNA.

	14.	cDNA is diluted before PCR, because not-diluted cDNA 
might reduce reaction efficiency due to the alteration of opti-
mum salt and pH conditions for the PCR reaction.

	15.	Gradient PCR is the best way to optimize the annealing tem-
perature. Samples can be amplified in the same plate and 
with the same primer pair at different annealing tempera-
tures (55, 57, and 60 °C) [7]. Melting curve and amplifica-
tion plot analysis allow the selection of the optimal annealing 
temperature.

	16.	If SYBR green is used, a dissociation (melting) curve analysis 
should be performed. Ideally, the experimental samples should 
yield a sharp peak (first derivative plot) at the melting tem-
perature of the amplicon (always >80 °C). These data indicate 
that the products are specific, and that SYBR Green I fluores-
cence is a direct measure of the accumulation of the product 
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of interest. If the dissociation curve has a series of peaks (usu-
ally <80 °C), there is not enough discrimination between spe-
cific and nonspecific reaction products. To obtain meaningful 
data, optimization of the RT-PCR is necessary (Fig. 3a).

	17.	Gene expression of the chosen endogenous/internal controls 
should be more abundant and should remain constant, in 
proportion to total RNA, among the samples. By using an 
invariant endogenous control as an active reference, quanti-
tation of an mRNA target can be normalized for differences 
in the amount of total RNA added to each reaction. To this 
aim, the most common reference genes are β-actin, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and 
18S rRNA [8]. The use of at least three internal controls is 
strongly recommended [9].

	18.	Ct (threshold cycle) is the intersection between an amplifi-
cation curve and a threshold line (Fig. 3b). The higher is 
the initial amount of cDNA, the sooner the accumulated 
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Fig. 3 Real-time PCR. (a) Typical derivative melting curves of amplicons after real-time PCR of RNA extracted 
from four different samples, each assayed in two replicates (showed by distinct colors). (b) Curves generated 
by SYBR Green Real-Time PCR for four samples, each assayed in two replicates
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product is detected in the PCR process, and the lower is 
the Ct value. This threshold should be placed above any 
baseline activity and within the exponential increase phase 
[10, 11].

	19.	 Example of a comparative analysis of the expression level of a 
target gene between two hypothetical samples X (control) and 
Y. Target gene expression in sample Y is analyzed versus that 
in sample X.

Target gene Ct Internal control average Ct

Sample Y 27.4 15.2

Sample X 28.9 15.6

Sample Y ΔCt 27.4 − 15.2 = 12.2

Sample X ΔCt 28.9 − 15.6 = 13.3

Sample Y ΔΔCt 12.2 − 13.3 = −1.1

Sample X ΔΔCt 13.3 − 13.3 = 0

Comparative expression level

Sample Y 2^−(−1.1) = 2.1

Sample X 2^−(0) = 1
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    Chapter 25   

 Western Blotting of the Endocannabinoid System                     

     Jim     Wager-Miller     and     Ken     Mackie      

  Abstract 

   Measuring expression levels of G protein-coupled receptors (GPCRs) is an important step for understand-
ing the distribution, function, and regulation of these receptors. A common approach for detecting pro-
teins from complex biological systems is Western blotting. In this chapter, we describe a general approach 
to Western blotting protein components of the endocannabinoid system using sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and nitrocellulose membranes, with a focus on detecting type 1 can-
nabinoid (CB 1 ) receptors. When this technique is carefully used, specifi cally with validation of the primary 
antibodies, it can provide quantitative information on protein expression levels. Additional information 
can also be inferred from Western blotting such as potential posttranslational modifi cations that can be 
further evaluated by specifi c analytical techniques.  

  Key words     Electrophoresis  ,   Antibody  ,   Electrophoretic transfer  ,   Fluorescent detection  

1      Introduction 

 Western blotting facilitates the quantifi cation of protein expression 
in a variety of tissues and allows inferences about pre- and post-
translational processing (e.g., phosphorylation or alternative splic-
ing). While Western blotting is a mature analytical technique, care 
must be applied in order to avoid the many pitfalls that accompany 
this procedure. In this chapter, we briefl y describe the basic steps 
in Western blotting and some of the approaches we have adopted 
to improve effi ciency, minimize artifacts, and increase the reliability 
of our results when detecting components of the endocannabinoid 
system.  

2    Materials 

 Use distilled, deionized water for all solutions. Use analytical grade 
reagents whenever practical. 
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       1.    Homogenization buffer: 25 mM Hepes (pH 7.4), 1 mM 
EDTA, 6 mM MgCl 2 , 1 mM DTT, 1 μg/ml leupeptin, 1 μg/
ml pepstatin A, and 1 μg/ml aprotinin.   

   2.    4× Sample buffer: 200 mM 1 M Tris–HCl (pH 6.8), 8 % 
sodium dodecyl sulfate, 40 %    glycerol, 50 mM EDTA, 0.04 % 
   bromophenol blue. This can be stored at room temperature 
for several weeks. Add 5 % (50 μl/ml) of 14.7 M 
β-mercaptoethanol just before use ( see   Note 1 ).   

   3.    10× TBS: 25 mM Tris base, 150 mM NaCl, 2.7 mM KCl. 
(pH 7.4). Add approximately 750 ml of water to a beaker with 
a large stir bar. Weigh out 30.3 g Tris base, 87.7 g NaCl, and 
2 g KCl, and slowly add to stirring water. Bring pH to 7.4 with 
concentrated HCl and bring to 1 l volume. Autoclave and 
store at room temperature.   

   4.    10× Running buffer: 250 mM Tris–HCl (Trizma Base), 1.9 M 
glycine, 35 mM SDS. For 1 l of 10× running buffer: 30.25 g 
Tris base, 142.5 g glycine, and 10 g SDS. Mix and bring up to 
1 l with ultrapure water.   

   5.    1× Running buffer: 100 ml of 10× running buffer + ultrapure 
water to a fi nal volume of 1 l.   

   6.    1/2× Towbin solution: 12.5 mM Tris, 96 mM glycine, 20 % 
(v/v) methanol. For 1 l of Towbin buffer: 1.52 g Tris, 7.2 g 
glycine, and 500 ml of H 2 O. Mix until salts are dissolved, add 
200 ml of methanol, mix again, and bring to 1 l with H 2 O.   

   7.    Tris-buffered saline, Tween-20 (TBST): Add suffi cient dis-
tilled water to 100 ml of 10× TBS to bring to 1 l. Mix in 500 μl 
Tween 20 until it is completely dissolved. Can store at room 
temperature. Should be used within several days.   

   8.    LI-COR Biosciences Odyssey Blocking Solution.      

   This protocol is based on the BioRad Mini-Protean II setup 
( see   Note 2 ).

    1.    Materials: Short and tall glass plates (1 of each/gel), spacers 
(2/gel), gel-casting stand (one for every 2 gels), clamp assem-
bly (1/gel), combs (1/gel), buffer chamber with bucket and 
electrode lid, U-shaped gasket, ultrapure water, and resolving 
and stacking gel solutions. Comb and spacers need to be of the 
same thickness (e.g., 0.5, 0.75, or 1.5 mm).   

   2.    Thoroughly wash and dry glass plates with water, and then 
with 70 % ethanol.   

   3.    Set up the clamp assembly and plates according to the manu-
facturer’s instructions, making certain you tighten screws in a 
diagonal fashion to prevent glass from breaking.   

   4.    Make sure that the bottom of the glass plates is aligned with 
the clamp assembly: misalignment will cause leakage.   

2.1  Buffers 
and Solutions

2.2  Gel Apparatus 
Assembly
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   5.    Set clamp assembly on casting stand. Orientation of the 
clamp assembly is such that screws face the plastic fl aps on 
the casting stand.   

   6.    Make up solutions for resolving and stacking gels and degas 
( see   Note 3) ; add APS and TEMED to the solution only when 
you are ready to pour each gel.   

   7.    Pour the resolving gel—ensure that the height of the gel is at 
least 5 mm below the bottom of the plastic well-combs. 
Carefully (to avoid mixing), add ultrapure water or water- 
saturated isobutanol up to the top of the short plate and let 
resolving gel polymerize (≥30 min).   

   8.    Decant the water and pour the stacking gel. Carefully add the well-
combs to avoid bubbles and let stacking gel polymerize (30 min).   

   9.    Once the stacking gel has polymerized, gently remove the 
comb and carefully rinse the wells with 1× running buffer to 
remove bubbles and unpolymerized acrylamide.    

   Recipes for 7.5 and 10 % Tris/glycine gels for the BioRad 
Miniprotean system. Resolving gels of other concentrations can be pro-
duced by altering the ratios of 30 % acrylamide and water as necessary. 

 Tris/glycine 

  Resolving   10 % (1 thick)  10 % (2 thick)  7.5 % (1 thick)  7.5 % (2 thick) 

 30 % Acryl  3.3 ml  6.6 ml  2.5 ml  5.0 ml 

 1.5 M Tris pH 8.8  2.5 ml  5 ml  2.5 ml  5.0 ml 

 H 2 O  3.95 ml  7.9 ml  4.9 ml  9.8 ml 

 20 % SDS  50 μl  100 μl  50 μl  100 μl 

 10 % APS  80 μl  160 μl  100 μl  200 μl 

 TEMED  8 μl  16 μl  8 μl  16 μl 

  Stack   1 thick  2 thick  4 thick 

 30 % Acryl  665 μl  1330 μl  2660 μl 

 1.0 M Tris pH 6.8  625 μl  1250 μl  2500 μl 

 H 2 O  1.5 ml  3 ml  6 ml 

 50 % glycerol  1.5 ml  3 ml  6 ml 

 20 % SDS  25 μl  50 μl  100 μl 

 10 % APS  20 μl  40 μl  80 μl 

 TEMED  5 μl  10 μl  20 μl 

 1.5 M Tris base, pH 8.8  18.17 g/100 ml 

 1.0 M Tris base, pH 6.8  12.11 g/100 ml 

Western Blotting
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          1.    There are many gel blotting systems available that provide 
excellent transfer of protein from gel to support membranes 
such  as   nitrocellulose. We use a 15 × 17 cm transfer unit from 
Idea Scientifi c Company.   

   2.    Transfer: Transfer unit complete with sponges and electrodes, 
square-Pyrex pan, 1/2×-Towbin solution, fi lter paper (2/gel), 
   nitrocellulose membrane (1/gel).   

   3.    Fluorescent scanner capable of dual-infrared wavelength detec-
tion (e.g., LiCor Odyssey).       

3    Methods 

 A variety of samples can be used as starting material for Western 
blotting. Primarily we use tissue homogenates and cultured cell 
lysates in our studies. Generally, it is best to process samples from 
live organism/cell until separation on the gel in a single day to 
minimize proteolytic loss and protein aggregation. At all times, 
keep samples cold (e.g., on ice). If necessary, lysates can be frozen 
(preferably at −80 °C) in sample buffer. They should be rapidly 
thawed, and spun at 3000 ×  g  for 10 min, and pellet discarded 
before separation on the gel. 

       1.    Place 3 ml of homogenization buffer into Falcon 2059 tubes, 
weigh, and place on ice.   

   2.     Sacrifi ce   animals and transfer dissected tissue to pre-chilled tubes 
and immediately homogenize with Polytron homogenizer.   

   3.    Re-weigh tubes and adjust volume of buffer to 10:1 (vol:wt). 
Mix gently.   

   4.    Spin samples at 700 ×  g  and 4 °C for 5 min. Transfer superna-
tants to sterile tubes and resuspend pellets with original 10:1 
volume of buffer. Repeat homogenization and spin samples at 
700 ×  g  for 5 min and 4 °C.   

   5.    Pool like supernatants and centrifuge at 16,000  g  for 30 min 
and 4 °C.   

   6.    Discard supernatants and resuspend pellets in original 10:1 
volume of homogenization buffer. Triturate thoroughly to 
wash membranes. Centrifuge samples again at 16,000 ×  g  for 
30 min and 4 °C.   

   7.    Aspirate supernatants and resuspend pellets in suitably small 
volumes of homogenization buffer. Quantitate protein con-
centrations via Bradford Assay.   

   8.    Mix desired amount of protein with 1:3 volume of 4× sample 
buffer, heat for 5 min at 65 °C (be aware that  boiling causes 
CB   1    to aggregate and the aggregated receptor separates poorly on 
the resolving gel ), and load onto a gel.      

2.3  Gel 
Electrophoresis 
and Blotting 
Equipment

3.1  Typical Tissue 
Preparation
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       1.    Grow cells of interest on appropriate-size culture plates. In 
this example, we use 6-well plates. Treat cells as required for 
the experiment.   

   2.    Place plate on ice, aspirate medium, and add 250 μl of homog-
enization buffer containing 0.5 % CHAPS. Scrape cells and 
homogenize in a dounce, or polytron homogenizer. Transfer 
lysate to 1.5 ml microfuge tubes and spin down samples at 
700 ×  g  and 4 °C for 10 min. Collect supernatant and add an 
equal volume of 2× SDS loading buffer.   

   3.    Incubate tubes in 65 °C water bath for 5 min (you may need 
to sonicate proteins prior to water bath incubation, particularly 
for samples that are rich in nucleic acids, which may gel and 
impede effi cient and quantitative sample handling).   

   4.    Spin at 100 ×  g  for 2 min, transfer supernatant to a fresh 
Eppendorf tube, and load onto a gel.      

       1.    Load samples and molecular marker using volumes appropriate 
for well size and gel thickness ( see   Note 4 ).   

   2.    Using an L-shaped glass pipette, dislodge the bubbles at the bot-
tom of the clamp assembly with a gentle stream of 1× running 
buffer. This ensures even current distribution throughout the gel.   

   3.    Run the gel at 80 V until you see higher molecular weight 
marker bands of the ladder begin to separate ( see   Note 5 ).   

   4.    Increase the voltage to ~120 V and let the gel run until the 
blue dye front runs off (1–1.5 h for minigels).   

   5.    Electrophoresis unit can be placed in cold room or refrigerated 
cabinet when running at higher voltages to minimize heat arti-
facts ( see   Note 6 ).      

    Soak   nitrocellulose membrane fi rst in water, and then in 1/2× 
Towbin buffer to hydrate. Also, immerse transfer sponges and fi lter 
paper in 1/2× Towbin buffer prior to setting up the transfer.

    1.    Disassemble the gel unit by loosening screws on clamp assembly 
and gently removing the top plate and spacers to expose the gel.   

   2.    Remove the stacking gel from the resolving gel using the long 
edge of a spacer.   

   3.    Set up the transfer so the gel  and   nitrocellulose are sandwiched 
between two pieces of fi lter paper, which is sandwiched 
between two transfer sponges.  The   current will run from the 
cathode to anode plate, so the gel and nitrocellulose should be 
situated so negatively charged protein from the gel runs onto 
the nitrocellulose. Be careful to remove all air pockets between 
the nitrocellulose and gel ( see   Note 7 ).   

3.2  Preparing 
Cultured Cells

3.3  Running the Gel

3.4  Transferring 
the Gel

Western Blotting
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   4.    After setting up the upright transfer unit, check the level of 
buffer solution. The gel and fi lter paper must be completely 
submerged in buffer during transfer.   

   5.    Run the transfer at 30–40 V for 1 h (voltage and time depend 
on transfer unit used; see manufacturers’ instruction for 
more information).    

         1.    Briefl y soak nitrocellulose in TBS. ( Optional: Check success of 
the protein transfer by soaking nitrocellulose in Ponceau-S for 
15 min. Wash Ponceau-S off with reagent-grade water. Do not 
use Tween in wash at this point, as this will signifi cantly increase 
background on Odyssey scanner .) ( See   Note 8 .)   

   2.    Incubate nitrocellulose in Licor blocking solution for 1 h at 
room temperature.   

   3.    Incubate nitrocellulose overnight at 4 °C in primary antibody 
solution (primary antibody in PBS + 1:1 (Licor block:1× PBS). 
Dilution of primary antibody needs to be empirically deter-
mined ( see   Note 9 ).   

   4.    The following day, wash nitrocellulose in TBS-T with four 
15-min washes.   

   5.     Incubate   nitrocellulose  in   secondary antibody solution (sec-
ondary antibody (1:5000) + 1:1 Licor block:1× PBS) for 1 h at 
room temperature.   

   6.    Repeat the four 15-min TBS-T washes.   
   7.    Wrap blot in Saran wrap and scan with Odyssey.       

4    Notes 

     1.    SDS binds to the protein in an amount that is typically (but not 
always) proportional to the protein’s molecular weight, allow-
ing proteins to migrate according to size.    Glycerol increases 
sample density relative to the buffer, facilitating effi cient load-
ing. Beta- mercaptoethanol is a strong reducing agent, which 
lessens protein aggregation via disulfi de bond formation.   

   2.    Pre-poured gels can be used in systems such as the Bio-Rad 
Mini-Protean and Thermo Fisher Scientifi c XCell SureLock 
systems. Their use will simplify setup.   

   3.    We use house vacuum for 10–15 min to remove excess dis-
solved gas from the gel solution. Polymerization requires the 
formation of SO 4  − . Because oxygen serves as a free radical trap, 
excess amounts of this gas in the gel solution can result in non-
uniform polymerization of the gel.   

   4.    The loading capacity of a well is determined by the size of the 
comb’s teeth. For example, teeth with dimensions of 

3.5  Western Blot
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1 mm × 6 mm × 8 mm will have a capacity of 48 μl. However, 
we have found that banding will be tighter and more uniform 
using smaller volumes/well. Of course, loading volume is 
determined by the protein concentration of the sample. It is 
therefore important not to over-dilute your lysates while pro-
cessing. It is also desirable that the ionic composition of sam-
ples on a single gel be similar. Marked differences in salt 
concentrations will result in spreading and narrowing of bands.   

   5.    Protein ladders such as SeaBlue plus 2 from Invitrogen have 
dye-conjugated protein bands. These can be used to determine 
when proteins of a certain size have passed the interface. For 
instance, the SeaBlue plus 2 has an orange phosphorylase band 
that migrates at 148 kDa. Voltage can be increased once higher 
molecular weight bands have clearly separated.   

   6.    Voltage should be kept low (5–10 V/cm) until protein bands 
have been compressed at the interface between stacking and 
resolving gels. Once higher molecular weight marker bands have 
separated, the voltage can be increased to 10–15 V/cm. Too 
high a voltage can result in overheating and a breakdown of the 
gel matrix. This can appear as diffuse banding or uneven migra-
tion of bands. This can be partially overcome by chilling buffers 
with a cooling block and/or running gels in a cold room.   

   7.    With the gel sandwich just submerged in Towbin’s buffer, roll 
a smooth tube over the top piece of chromatography paper 
with gentle pressure. Work from the center of the paper to one 
end, and then from the center to the other end. Do this several 
times to make sure that all bubbles are squeezed out.   

   8.    Proteins on blots can be quickly quantifi ed using Ponceau S 
staining. After protein transfer, the blot is briefl y rinsed in TBS, 
and then soaked in 0.1 % (w/v) Ponceau S in 5 % acetic acid for 
15 min at room temperature with gentle rocking. The blot is 
then rinsed several times in reagent-grade water until bands can 
be clearly seen. With this technique, the blot can be photo-
graphed or scanned as shown in Fig.  1 . This staining can be used 
to normalize protein loading rather than using a  housekeeping 
  antibody, such as β-actin (Fig.  1 ). Using Ponceau S in this way 
opens up the second channel on a dual-wavelength scanner for 
analyzing expression levels of a second protein of interest.

       9.     The   primary antibody is the most important element of 
Western blotting. A good antibody will often show strong spe-
cifi c bands even under suboptimal conditions, while a poor 
antibody will show strong nonspecifi c bands no matter how 
the procedure is optimized. Signal can be improved by adjust-
ing protein loading and/or antibody concentrations.    Antibody 
specifi city should be determined by running negative control 
lysates lacking the antigen of interest. Examples are mock-

Western Blotting
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transfected cell lines and tissue lysates from knockout animals. 
An alternative approach is to selectively alter the mobility of 
the protein of interest, such as by deglycosylation. While pep-
tide blocking is often used to show antibody specifi city, this 
approach can lead to spurious results since many proteins  share 
  common epitopes. It is also important to note  that   antibody 
specifi city needs to be demonstrated for each application. An 
antibody that is specifi c for Western blotting may not be spe-
cifi c for immunocytochemistry and vice versa. As discussed 
above, the best controls are lysates that are identical (e.g., pro-
cessed at the same time and in the same fashion) to the test 
samples saved for the antigen of interest.        

  Fig. 1    Western blot showing CB 1  staining in wild-type versus CB 1  knockout mouse brain lysates. Wells were 
loaded with 25 μg protein (cortical homogenate). The fi rst panel shows Ponceau-S staining of blot prior to 
antibody incubation. The second and third panels show grayscale images of 800 nm and 700 nm channels, 
respectively. The last panel shows an overlay of CB 1  staining ( green ) and actin staining ( red ). Primary antibod-
ies used were rabbit anti-CB 1 -carboxy terminus antibody (diluted 1:500), made in our laboratory, and mouse 
anti- actin IgM (diluted 1:5000) from Developmental Studies Hybridoma Bank (  http://dshb.biology.uiowa.edu/
actin    ). Secondary antibodies used were goat anti-mouse IgM IR 680 RD (LI-COR Biosciences,   www.licor.com    ), 
and Donkey anti-rabbit IgG IR 800  (Rockland Inc.   www.rockland-inc.com    ). Both secondary antibodies were 
diluted 1:5000       
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Chapter 26

Quantitation of Plasma Membrane (G Protein-Coupled) 
Receptor Trafficking in Cultured Cells

Jim Wager-Miller and Ken Mackie

Abstract

Measuring the functional behavior of G protein-coupled receptors (GPCRs) has been a major focus of 
academic and pharmaceutical research for many decades. These efforts have led to the development of 
many assays to measure the downstream effects of ligand binding on receptor activity. In this chapter, we 
describe an internalization/recycling assay that can be used to track changes in receptor number at the 
plasma membrane. Used in concert with other assays, this antibody-based technique can provide impor-
tant information on GPCR activation by receptor-specific ligands.

Key words G protein-coupled receptor (GPCR), CB1 cannabinoid receptor (CB1), G protein-cou-
pled receptor kinase (GRK), Recycling, Epitope tag, Agonist, Antagonist

1  Introduction

For many years, it has been known that GPCR trafficking to and 
from the plasma membrane of cells is dynamically and differentially 
regulated by ligands. This change in trafficking dynamics results in 
a loss or gain of receptors at the cell surface, which serves to “tune” 
receptor signaling. This phenomenon has been well characterized 
in the study of β-adrenergic receptors through the pioneering work 
of the Lefkowitz Lab, and has been observed for many other 
GPCRs [1]. Our lab studies how type-1 and type-2 cannabinoid 
(CB1 and CB2) receptors traffic upon activation [2–9].

Plasma membrane CB1 and CB2 receptors decrease following 
agonist exposure (Fig. 1, and refs. 5, 8). Endocytosis or internal-
ization of receptors from the plasma membrane is thought to be 
one of several ways whereby cells compensate for sustained GPCR 
stimulation. By removing specific receptors from the surface, their 
signaling can be lessened. Alternatively, internalization of cell sur-
face receptors can engage signaling pathways absent from the cell 
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surface [10–12]. How does a cell distinguish which receptor(s) to 
remove and which to leave behind? It all comes down to shape.

Internalization and recycling are constitutive and dynamic 
processes. This is because the conformation of the receptor is in 
constant flux. A GPCR is constantly moving in and out of active 
conformations (in this case, ones that are permissive for internal-
ization or trafficking to the surface). This leads to a portion of 
receptors being removed from, or returned to, the cell surface con-

Fig. 1 The mechanisms of GPCR internalization and recycling have been well elucidated over the years. In 
these assays, we track the loss or gain of receptors at the surface of cells using antibodies directed against 
extracellular epitopes of the receptor under study. (a) As with many GPCRs, activation of CB1 by agonist binding 
uncouples the receptor from G protein allowing downstream signaling through the G protein’s α and βγ sub-
units. The latter can activate GRKs. (b) Once activated, GRKs transfer phosphate groups to intracellular targets, 
including serine and threonine residues of the receptor. Receptor phosphorylation acts as a signal causing 
β-arrestin to interact with the GPCR, subsequently directing it to clathrin-coated pits (for CB1). (c) Through the 
activities of various proteins, including AP-2, dynamin, and small GTPases, clathrin-coated pits invaginate and 
pinch off from the plasma membrane. At this point, formerly extracellular epitopes of internalized receptors 
become inaccessible to extracellular antibodies. (d) With short agonist exposure, it is possible for receptors to 
recycle to the cell surface following the loss of dephosphorylation. For recycling experiments, cells are first 
incubated with translation inhibitors such as emetine or cycloheximide to impair new receptor synthesis. 
Receptors are then internalized via a short exposure to agonist. With the addition of antagonist, recycled recep-
tors return to and are held at the plasma membrane

Jim Wager-Miller and Ken Mackie
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tinuously over time. At steady state, this dynamic equilibrium 
results in no net change in receptor number. With agonist binding, 
the conformational population of the receptor shifts, so that more 
are in an internalization-competent conformation, a process that 
may be aided by G protein receptor kinase (GRKs) phosphoryla-
tion. Receptor phosphorylation recruits β-arrestins to interact with 
the receptor itself, which eventually results in receptor internaliza-
tion [1]. The fate of internalized receptors depends on the recep-
tor and the duration of agonist binding. For CB1, following a short 
agonist exposure, phosphatases within endosomes will dephos-
phorylate the internalized receptor. This then allows its return to 
the plasma membrane. With longer exposures, CB1 is shuttled to 
lysosomes, where it is degraded [8]. Treatment of a GPCR with an 
inverse agonist will favor inactive conformations. This has the 
effect of holding the GPCR at the plasma membrane [3].

The assay described here can detect these changes in trafficking 
dynamics, to probe ligand functional activity at the receptor under 
study (Fig. 2).

One required component for this technique is an antibody 
against one or more extracellular epitopes of the GPCR. This is 
because maintenance of cellular membrane integrity is an absolute 
requirement of the assay. The latter can be easily adapted to mea-
sure trafficking of any membrane receptor with high-throughput 
assay format, as long as a means of detecting an extracellular epit-
ope of the receptor is available.

2  Materials

Use distilled, deionized water for all solutions. Use analytical grade 
reagents.

	 1.	Expression plasmid with epitope sequence (e.g., HA or FLAG) 
fused to the amino terminus (extracellular end) of GPCR 
under study. Alternatively, if a specific antibody against the 
amino terminus of the native receptor is available, this approach 
can be used to detect trafficking of natively expressed receptors 
(e.g., in neurons [13]). This plasmid must also contain antibi-
otic resistance for use in clone selection. Epitope-tagged 
expression plasmids are commercially available for many 
GPCRs at companies such as AddGene and Origene.

	 2.	Cell lines: We have successfully measured receptor trafficking 
with the HEK293 and AtT20 cell lines, as well as with primary 
cultures of mouse hippocampal neurons using this assay. Other 
adherent cell lines that allow good surface expression of the 
GPCR should also work.

2.1  Plasmids 
and Cell Lines

GPCR Trafficking
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Fig. 2 Actual scan of a CB1 internalization assay on a 96-well plate. (a) Image on the left is an overview of the 
experimental plate. The corner wells were used as a background control and were not treated with primary 
antibody. The integrated intensities from these wells were averaged, and this value was subtracted from those 
of the other wells. Rows above and below the overview plate show loss of signal in agonist-treated replicates 
(left) versus those also treated with the CB1 antagonist SR141716A (on right). Panel on the right of the overview 
depicts how the center wells are treated. Quadruplicates have a letter in the center with “V” standing for 
vehicle and A–F representing decreasing concentrations of either Win55,212-2 or Δ9-THC. Concentrations 
were (from A to F) 1 μM, 316 nM, 100 nM, 31.6 nM, 10 nM, and 3.16 nM. The center wells were also treated 
with 1 μM Win55,212-2. Plate was incubated for 1 h at 37 °C. (b) Dose–response generated with data from 
the plate above. Win55,212-2 is a high-efficacy agonist, while Δ9-THC is a lower efficacy agonist. This is 
reflected by the differing levels of internalization for the two drugs across the dose–response. Internalization 
using the highest concentration of each agonist is inhibited when the antagonist (1 μM SR141716A) is also 
present in the medium (open symbols). Analysis was done using Odyssey Application Software (LiCor 
Biosciences version 3.0) and Prism (Graphpad Inc. version 4.0a). Images were created with Photoshop (Adobe 
CS5 version 12)
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	 1.	HBV buffer: 10  mM HEPES (pH  7.4), 130  mM NaCl, 
5.4 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 0.1 % bovine 
serum albumin, 0.1 % drug vehicle (usually ethanol or dimethyl 
sulfoxide (DMSO)).

	 2.	Agonist/antagonist: Dilute specific agonist or antagonist in 
HBV to two times the desired final concentration. This should 
be done just prior to the start of the experiment.

	 3.	HBS buffer: Plain HBV buffer without vehicle added.
	 4.	10× TBS: 25  mM Tris base, 150  mM NaCl, 2.7  mM KCl, 

pH 7.4, add approximately 750 ml of water to a beaker with a 
large stir bar. Weigh out 30.3 g Tris base, 87.7 g NaCl, and 2 g 
KCl, and slowly add to stirring water. Bring pH to 7.4 with 
concentrated HCl and bring to 1  l volume. Autoclave and 
store at room temperature.

	 5.	TBS-T: 1× TBS, containing 0.05 % Tween 20. Dilute 10× TBS 
with sterile water, and add 0.5 ml of Tween 20 per liter. Can 
store at room temperature. Should be used within several days.

	 6.	20× Poly d-lysine: Add 1 mg/ml poly d-lysine to sterile water 
for a 20× stock solution. Filter sterilize and store at −20 °C.

	 7.	PBS: 20  mM monobasic sodium phosphate, 150  mM NaCl. 
Bring pH to 7.4 and autoclave. Can store at room temperature.

	 8.	100 % Ethanol.
	 9.	Dry (anhydrous) DMSO.
	10.	4 % Paraformaldehyde: Prepare in fume hood, as paraformal-

dehyde is a carcinogen. Add 40 g paraformaldehyde to 250 ml 
of 0.4 M phosphate buffer (pH 7.4). Heat with stirring until 
temperature reaches 65  °C. Add 750 ml of deionized water 
and three drops of 6 M NaOH. Continue stirring and heating 
until temperature is 60 °C. Run solution through filter paper 
into flask chilled on ice. Aliquots of 4 % PFA may be stored at 
−80 °C for several months. Once thawed, this solution will be 
good for 2 weeks if kept at 4 °C.

	11.	HBVI: HBV buffer with either 70 μM cycloheximide or 10 μM 
emetine added.

	12.	LI-COR Biosciences Odyssey Blocking Solution.

	 1.	Multichannel pipette.
	 2.	Plastic troughs (sterile).
	 3.	Poly d-lysine-coated 96-well plates: Obtain sterile, flat-bottom, 

transparent tissue culture plates. Dilute 20× poly d-lysine to 1× 
(50 μg/ml final) with sterile water, and place 40 μl of solution 
into each well. Tap plate to make sure that all wells are uniformly 
coated. Incubate plates for 20 min to overnight at 37 °C. Wash 

2.2  Buffers 
and Solutions

2.3  Plate Preparation

GPCR Trafficking
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wells three times with PBS just prior to plating. Coated plates 
can be stored at room temperature for up to 2 weeks.

	 1.	Cell growth media: Use media appropriate for the cell line 
being used. For HEK293 and AtT20 cells, a mixture of 
DMEM, 10 % fetal bovine serum, and 1× penicillin/strepto-
mycin works well.

	 2.	6-Well culture plate.
	 3.	0.025 % Trypsin (wt/vol).
	 4.	Transfection reagent, such as Lipofectamine 2000.
	 5.	Mammalian DNA expression vector containing receptor 

sequence: An epitope tag should be fused in-frame with an 
extracellular domain of the GPCR (usually the amino termi-
nus). However, with availability of appropriate receptor anti-
bodies, it is possible to use this assay without an epitope-tag 
sequence (see Note 1).

	 6.	Antibiotic for cell selection: Antibiotic resistance originates 
within the expression vector used. Many vectors contain a neo-
mycin resistance sequence, which would require G418 or gene-
ticin to be added to the growth medium, in order to select for 
gene incorporation. Check the vector map to make sure which 
antibiotic to use. The concentration of antibiotic must be deter-
mined empirically for each cell type by performing a dose–
response, or “killing curve,” on untransfected cells. The lowest 
concentration of antibiotic that completely kills untransfected 
cells is used to select for viable clones following transfection [14].

	 7.	Anti-epitope antibody: The mouse anti-HA11 antibody works 
well in our hands. However, we have used antibodies against 
FLAG, as well as native extracellular epitopes with success.

	 1.	Inverted fluorescent microscope.
	 2.	Fluorescent scanner (e.g., LiCor Odyssey).

3  Methods

As mentioned above, cell lines expressing the receptor of interest 
must be obtained or created for this assay. The procedure that we 
use for generating stable cell lines is in the next section. Any cell lines 
used should homogeneously express the receptor, be healthy, and of 
low-to-moderate passage. We have found that moderate expression 
of receptor provides a better signal-to-noise ratio than high expres-
sion. Manipulation of cells should be done in a laminar flow cabinet 
and aseptic technique should be followed. During all procedures 
cells should be kept immersed in media to avoid drying.

2.4  Cell Line 
Preparation

2.5  Detection 
Equipment

Jim Wager-Miller and Ken Mackie
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	 1.	Expand immortalized cells. The day before transfection, plate 
cells to a confluency of approximately 60 % on a 6-well dish. 
Perform transfection as per the manufacturer’s protocol. Grow 
transfected cells overnight in normal growth medium. This 
allows cells to recover from transfection stress, and to begin 
producing resistance protein from the incorporated vector.

	 2.	The next day, split cells and plate 50,000 and 200,000 cells 
onto 10 cm2 tissue culture plates. Include appropriate antibi-
otic at an effective concentration in growth medium at this 
point. Change medium every 3–4 days and grow until visible 
colonies form (usually 9–14 days for HEK293 or AtT20 cells). 
Do not overgrow cells. Colonies must be separated in order to 
select homogeneous clones.

	 1.	Once transfected cultures have formed large (>100 cells) iso-
lated colonies, gently wash cells once with PBS, and then again 
with HBS. Cover cells with 4 ml of antibody diluted in HBS (see 
Note 2). This antibody must be against an extracellular epitope 
of the target receptor. We typically dilute antibody 1:500 for this 
procedure, but concentrations will vary depending on the anti-
body used and need to be determined empirically.

	 2.	Incubate cells in antibody solution for 1 h at room temperature.
	 3.	Wash cells very gently three times with 1× PBS. Tilt plate and 

stream 1× PBS on the wall of the dish so as not to dislodge colo-
nies from the plate. Level plate out to coat cells with wash buffer.

	 4.	Incubate cells with secondary antibody conjugated with a fluo-
rescent tag. Again, the antibody is diluted at 1:500 in HBS. We 
typically use an anti-mouse IgG conjugated with Alexa 488 to 
recognize the monoclonal HA11 antibody.

	 5.	Cover cells and incubate in the dark at room temperature for 
45–60 min.

	 6.	Wash cells gently three times with PBS as above.
	 7.	Cover cells with HBS and visualize on an inverted fluorescent 

microscope with appropriate filters for the fluorophore. 
Desirable colonies will be uniformly fluorescent in appearance. 
Observe candidates under both fluorescent and white light, to 
make sure that all cells are expressing the receptor of interest. 
Using a low-magnification lens, circle colonies from the under-
side of the plate with a marking pen. After choosing 6–12 colo-
nies, take plate back to tissue culture hood.

	 8.	Collect each colony by depressing the plunger of a P200, and 
then placing the pipette tip within the circle drawn in the pre-
vious step. The pipette should be perpendicular to the surface 
of the plate. Releasing the plunger should pull up the colony.

3.1  Making Stable 
Cell Lines

3.2  Live Cell 
Screening for 
Expression Lines

GPCR Trafficking
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	 9.	Place each colony into separate wells of a 12-well plate  
containing growth media with antibiotic used for selection.

	10.	Grow and expand clones. Once a sufficient number of cells are 
present in the well, they should split and an aliquot replated, 
fixed, and immunostained for the receptor to ensure its uni-
form presence. If the staining is positive, then the remainder of 
the cells should be expanded and then frozen and stored in 
liquid nitrogen (see Note 3).

	 1.	Wash cells stably expressing the receptor once in PBS, then 
cover with 0.025 % trypsin, and incubate at 37 °C until cells 
are detached from plate. Add growth media to inhibit trypsin, 
collect, and centrifuge for 5 min at 200 × g and 4 °C. Resuspend 
cells in growth media to a density of approximately 1 × 106 
cells/ml. Add 50,000–75,000 cells to each well of the poly-d-
lysine-coated plates prepared above, by using a multichannel 
pipette. Grow under normal conditions for that cell line until 
cells are 90–95 % confluent.

	 2.	When cells are ready, remove media by firmly patting plate 
upside-down onto paper towels (see Note 4).

	 3.	Wash once in PBS (see Note 5).
	 4.	Condition cells to HBV buffer by covering wells with 40 μl 

of HBV, by using a multichannel pipette. Incubate at 37 °C 
for 15 min.

	 5.	Add 40 μl, 2× drug or vehicle in HBV to selected wells, using 
a multichannel pipet (see Note 6). Tap plate gently to mix and 
incubate for the desired time at 37 °C.

	 6.	When drug treatment is finished, firmly pat plate dry on paper 
towels as above and place on ice. Immediately add ice-cold 
4  % paraformaldehyde at 100 μl/well, and then move the 
plate to room temperature. Incubate covered at room tem-
perature for 20 min.

	 7.	Wash plate five times for 5 min in TBS (see Note 7).
	 8.	Cover cells with LI-COR Bioscience Odyssey blocking buffer, and 

incubate at room temperature for 90 min with gentle rocking.
	 9.	Remove blocking buffer and cover cells with 40 μl of blocking 

buffer containing a primary, anti-epitope antibody. Our lab 
routinely uses a mouse anti-HA11 antibody diluted 1:150 for 
HA-expressing receptors.

	10.	Rock cells at room temperature for 1 h, or overnight at 4 °C.
	11.	Remove primary antibody and wash plate five times for 5 min 

in TBS-T at room temperature with rocking.
	12.	After the last wash, cover cells with 40 μl of secondary anti-

body diluted in blocking buffer (see Note 8). Rock plate for 
1 h at room temperature.

3.3  Internalization 
Assay

Jim Wager-Miller and Ken Mackie
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	13.	Again, wash plate five times for 5 min with TBS-T at room 
temperature. Briefly rinse plate with TBS and pat and wipe dry 
using paper towels.

	14.	Scan plate on the appropriate scanner (see Note 9).
	15.	Determine integrated intensity of each well and calculate 

intensity relative to percent vehicle (see Note 10).

The recycling assay is the internalization assay with some minor vari-
ations. First, protein synthesis must be inhibited in order to accu-
rately measure receptor recycling without the complication of de 
novo receptor synthesis. This is accomplished by pretreating the cells 
with a translation inhibitor, such as emetine or cycloheximide. Either 
one of these reagents should be present throughout the assay.

	 1.	Make a 2× solution of either emetine (20 μM) or cycloheximide 
(140 μM) in normal growth medium. Add an equal volume of the 
2× solution to the wells of a plate prepared the day before. Incubate 
the plate for 2 h prior to the beginning of the experiment.

	 2.	Remove growth media and replace with 40 μl of HBVI. Allow 
cells to equilibrate for 15 min at 37 °C.

	 3.	Prepare HBVI and make 2× agonist preparations (see Note 11).
	 4.	Treat wells by adding 40 μl of 2× drug preparations in HBVI, 

or HBVI alone, and incubate at 37 °C for the desired time (see 
Note 11).

	 5.	Add 3× antagonist preparation in HBVI, or HBVI alone, to 
selected wells and incubate at 37  °C for an additional 
60–90 min.

	 6.	Before the end of the experiment, add agonist at a concentra-
tion and for a time that will result in complete internalization 
(see Note 12).

	 7.	Process plate as in Subheading 3.3, steps 6–15, above.

4  Notes

	 1.	Receptor-specific monoclonal or polyclonal antibodies will 
work with this assay, provided that they have high affinity and 
specificity for the target and that they are directed towards an 
extracellular domain of the receptor under study.

	 2.	While most antibodies sold are IgG, some are not. Primary 
chicken antibodies are IgY, while some mammalian antibodies 
are IgM. The secondary antibody chosen must be targeted 
against the species and isotype of the primary antibody used.

	 3.	It is a good idea to screen all cell lines collected before using 
any one of them in trafficking experiments. This is because 
known and unknown factors will affect the responsiveness and 

3.4  Recycling Assay

GPCR Trafficking
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the signal-to-noise ratio of these clones. By evaluating all lines 
up front, the most appropriate one for use in this assay can be 
selected. To this aim, the internalization assay is performed as 
described above, with each cell line placed in a column of a 
96-well plate. Specific agonist, antagonist, or agonist/antago-
nist combinations are then added in selected rows. The most 
responsive line should be expanded and cryogenically stored in 
liquid nitrogen for future use. Your cell lines and detection 
system should also be evaluated for its Z′-factor [15] before 
beginning experiments.

	 4.	At this point, it is no longer necessary to keep cells sterile. It 
should be noted that US regulations (OSHA) require human-
derived cell lines such as HEK293s to be treated under the 
Biosafety Level 2 criterion. All reagents used on cells prior to 
fixation are considered biohazardous waste and must be dis-
posed of appropriately. Check your institutional requirements 
for appropriate handling of these and any other biohazards 
used in this assay.

	 5.	This is done by first filling a dish with PBS, TBS, or TBS-
T. The dish must be large enough for the plate to fit into and 
deep enough to entirely submerge the wells. Before cells are 
fixed, the plate can be patted upside-down onto paper towels 
to collect the waste, and then submerged into the buffer to 
wash the cells. After cells are fixed, washes can be shaken into 
a large catch beaker. This should be done expeditiously, so as 
not to allow cells to dry out.

	 6.	Each test condition should be represented by three or more 
replicates on the plate, if possible. Untreated control replicates 
must also be present. Avoid using wells along the perimeter of 
the plate, unless it has been determined that plate (edge) effects 
are minimal within these wells. For many scanner/plate com-
binations, counts are significantly higher on outside wells. 
Conversely, counts may dip in the middle of the plate in some 
systems. Scan untreated cell plates that have been fixed and 
stained on your system, to determine plate effects before run-
ning experiments. It is good practice to vary the position of 
drug treatments relative to wells (that is, do not always have 
control in one column, and ascending values from right to left 
across the plate).

	 7.	No detergent is added to this wash, as cell membranes must 
remain intact during primary antibody incubation. This is 
because only surface epitopes must be accessible to the anti-
body, in order to measure receptor number changes on the 
plasma membrane. Theoretically, one could measure total 
receptors by permeabilizing the cells prior to antibody incuba-
tion; however we have not thoroughly evaluated this approach.

Jim Wager-Miller and Ken Mackie
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	 8.	Concentration of secondary antibodies must be determined 
empirically. We typically use LI-COR Biosciences or Rockland 
Inc. highly immunoabsorbed antibodies with near-IR fluoro-
phore conjugates. In our hands, secondaries conjugated with a 
680 nm dye are diluted 1:200 in blocking buffer, while those 
conjugated with 800 nm dye are diluted 1:800.

	 9.	We use the LI-COR Odyssey near-IR scanner; however other 
instruments should be compatible with this assay. The Odyssey 
reads from the bottom of the plate. It has two diode lasers for 
700 and 800 nm emissions, allowing for detection of two tar-
get molecules on the same plate. The near-IR range also dis-
plays very low autofluorescence from the cellular monolayer. 
Thus, background levels are low and this improves the overall 
signal-to-noise ratio of the assay.

	10.	Most scanners contain software that will overlay a grid pattern 
over the final image. This places a circle on top of each well of 
the plate image, and is used to calculate the integrated inten-
sity. The formula for integrated intensity is

	 a I Pbå -( )i 	
where a is the area of each pixel in mm2, ∑Ii is the sum of all 
pixels with the area of interest, P is the number of pixels within 
each circle, and b is the mean background intensity.

Data is displayed as “percent vehicle,” which is simply the 
integrated intensities of test samples divided by controls multi-
plied by 100. The signal in each well can also be normalized to 
cell number by staining nuclei with DRAQ5 (1:5000), and 
detecting the bound antibody with an anti-IgG800 secondary 
antibody. The DRAQ5 signal will appear in the 700  nm 
channel.

	11.	In working up this assay, the concentration of agonist should 
be near its EC50 value, while the time allowed for internaliza-
tion should be near that at which 90 % of normal signal loss is 
observed. High concentrations of agonist, or extended time 
periods, will result in trafficking of receptors into lysosomal 
compartments that in turn results in a loss of signal.

	12.	Agonist treatment should begin at a set time before the recy-
cling treatment is to end. The time chosen should result in 
maximal receptor internalization. Receptor recycling data can 
be compared with this signal.
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Chapter 27

Measuring ECS Interaction with Biomembranes

Clotilde B. Angelucci, Annalaura Sabatucci, and Enrico Dainese

Abstract

Understanding the correct interaction among the different components of the endocannabinoid system 
(ECS) is fundamental for a proper assessment of the function of endocannabinoids (eCBs) as signaling 
molecules. The knowledge of how membrane environment is able to modulate intracellular trafficking of 
eCBs and their interacting proteins holds a huge potential in unraveling new mechanisms of ECS 
modulation.

Here, fluorescence resonance energy transfer (FRET) technique is applied to measure the binding 
affinity of ECS proteins to model membranes (i.e., large unilamellar vesicles, LUVs). In particular, we 
describe in details the paradigmatic example of the interaction of recombinant rat FAAH-ΔTM with LUVs 
constituted by 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).

Key words Biological membranes, Membrane proteins, Large unilamellar vesicles, FRET, Binding 
isotherms, Membrane affinity

1  Introduction

Membrane proteins interact preferentially with a specific lipid 
environment, and the enrichment of specific lipids around a 
protein can dramatically modulate its functional activity [1, 2]. 
Many cell functions are governed by the peculiar organization 
of lipids and proteins within biological membranes. Membrane 
fusion, intermembrane exchange of lipid components, forma-
tion of lipid domains in lipid mixtures, and vesicle-vesicle inter-
actions all involve changes in the distances between different 
lipid components.

The plasma membrane bilayer is a closely packed and crowded 
environment, and fluorophores, behaving as donor and acceptor 
molecules with good spectral overlap, can communicate by FRET 
over lateral distances that span several lipid molecular diameters. 
FRET is one of the most useful techniques to interrogate these 
processes. Another major application of FRET in cell biology is 
the analysis of protein-protein and protein-lipid interactions. 
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These are often important for intercellular communication and 
for successful transfer of information within a cell, leading to  
specific signal transduction pathways. FRET is also a useful tool 
for measuring both average distances of proteins from membranes 
and peripheral binding of proteins and other molecular compo-
nents to the membrane surface [3].

FRET is a process whereby the energy of an excited state is 
non-radiatively transferred from an excited donor molecule to an 
acceptor molecule [4]. For FRET to occur, a number of conditions 
need to be fulfilled: (a) the emission spectrum of the donor needs 
to have sufficient overlap with the absorption spectrum of the 
acceptor; (b) the emission and absorption dipole moment of donor 
and acceptor must not be perpendicular; (c) donor and acceptor 
have to be in close proximity [4].

Förster [5, 6] was the first to establish that energy can be trans-
ferred efficiently by a resonance dipole-dipole mechanism over dis-
tances from 10 to 100 Å. Since these pioneering studies, FRET has 
been successfully used in different fields of research for over 40 
years. The increasing availability of new synthesized/purified bio-
logical macromolecules, along with the increasing availability of 
fluorescent compounds, will continue to facilitate the design of 
innovative biotechnological applications of FRET.

One of the classical and most prevalent uses of FRET is to 
measure distances between defined sites within a protein structure 
and to study its oligomeric organization in solution. Indeed, pro-
teins contain intrinsic fluorophores (i.e., Trp and Tyr), and they 
can also be covalently labeled (often specifically) with extrinsic 
fluorophores. Many of these extrinsic probes are commercially 
available and easy to use.

With the Förster equation it is possible to calculate the effi-
ciency of the energy transfer that occurs between the donor fluo-
rophore and the acceptor fluorophore, and the distance at which 
it may occur [5, 6]. However, the Förster equation can be used 
only if there is a single donor-acceptor pair, because the presence 
of more than one donor, or of more acceptors, reduces the accu-
racy of data acquisition. Thus, we used FRET to describe a pro-
tein-lipid interaction where the donor is a constituent of the 
protein (Trp), with the emission maximum from 307 to 353 nm, 
and the acceptor fluorophore is the synthetic lipid 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(1-pyrenesulfonyl) 
(PyPE), with absorption maximum at 351 nm [7, 8]. Of note, 
the latter compound can be embedded within synthetic mem-
branes. In this setup, analysis of the FRET signal allows to moni-
tor quenching of Trp fluorescence that occurs at different 
concentrations of vesicles containing the acceptor fluorophore 
(Fig.  1). From these data, binding isotherms are obtained to 
calculate membrane affinity of the investigated protein.

Clotilde B. Angelucci et al.
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2  Materials

Use reagents of high analytical grade, and prepare buffers with 
ultrapure water.

Glass test tubes (2 cm diameter).
Ethyl alcohol (gradient grade) ≥99.8 % pure.
Chloroform.
POPC: 16:0–18:1 PC.
PyPE: 18:1 pyrene PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(1-pyrenesulfonyl), ammonium salt (see Note 1).

Buffer: 50 mM Tris–HCl, pH 7.5. In a glass beaker, weigh 6.06 g 
Trizma base, add 800 ml of water, and adjust pH to 7.5 with con-
centrated HCl. Bring to a final volume of 1 l with water in a volu-
metric flask. Store at 4 °C.
Nitrogen gas.
Water bath.
LiposoFast apparatus, equipped with 100  nm pore-size polycar-
bonate membranes and gastight syringes (500 μl volume).

Potter glass (5 ml).
Protease inhibitor cocktail (IC).

2.1  Components 
for Liposome 
Preparation

2.2  Components 
for Isolation of Rat 
Liver Membranes

Fig. 1 Scheme of the energy transfer in a typical FRET experiment. Trp: intrinsic protein tryptophan donor fluo-
rophore, PyPE: acceptor fluorophore embedded within the liposome bilayer, D: Förster distance

Membrane Binding by FRET Analysis
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Buffer A: 5 mM Tris–HCl, 10 mM KCl, 5 mM EDTA, pH 7.8. In 
a glass beaker, weigh 0.606 g Trizma base, 0.74 g KCl, and 1.9 g 
EDTA. Add 800 ml of water, adjust pH to 7.8 with concentrated 
HCl, and bring to a final volume of 1 l with water in a volumetric 
flask. Store at 4 °C.

Buffer B: Buffer A containing 1  mM DTT and IC.  In a glass  
beaker, weigh 0.5 mg DTT and 30 μl of IC, and bring to a final 
volume of 3 ml with Buffer A in a volumetric flask.

Buffer A 60 % sucrose: In a glass beaker, weigh 60 g sucrose and 
bring to a final volume of 100 ml with Buffer A in a volumetric 
flask. Store at 4 °C.

Buffer A 37 % sucrose: In a glass beaker, weigh 37 g sucrose and 
bring to a final volume of 100 ml with Buffer A in a volumetric 
flask. Store at 4 °C.

Recombinant rat FAAH-ΔTM is dissolved in the same buffer used 
for liposome preparation. Use only highly purified protein samples. 
Enzyme purification is a complex procedure [10, 11] that remains 
far from the scope of this chapter. The reader can obtain pure 
FAAH-ΔTM through collaboration with our group or others.

LS50B fluorimeter (PerkinElmer Life and Analytical Science, 
Boston, MA) connected to a circulating water bath. Adjust excita-
tion and emission slits to 4 nm and 10 nm, respectively, with a 
scanning speed of 1500 nm/min (see Note 2).

Quartz cuvettes with a maximum volume of 250 μl (see Note 3), 
and a light path of 10 mm.

3  Methods

Warm about 100 ml of buffer at 25 °C in a water bath (see Note 4).
Dissolve 0.5 mg PyPE in 100 μl of chloroform, in order to 

have a 5 mg/ml PyPE solution (see Note 1).
To prepare 1 ml of liposomes composed of POPC at a concen-

tration of 2 mM, weigh 1.5 mg POPC in a glass test tube and dis-
solve it in 200 μl of ethanol (see Note 5).

Take 100 μl of this solution and put it in a second test tube, 
together with 2  μl of 5  mg/ml PyPE solution. The final 
lipid:fluorophore molar ratio is 100:1 (see Note 6).

Evaporate the organic solvent in the two test tubes under a N2 
stream, keeping the tubes immersed in the water bath at a con-
trolled temperature of 25 °C (see Note 4). Gently rotate the test 
tubes, in order to form a monomolecular film around the walls. 
Once the dry lipid film is formed, add 1 ml of warm buffer in each 
test tube while keeping it immersed in the water bath; this proce-

2.3  Protein Solution

2.4  FRET 
Components

3.1  Liposome 
Preparation

Clotilde B. Angelucci et al.
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dure will facilitate the emulsion of the lipid and the correct forma-
tion of liposomes (see Note 7).

In order to have homogeneous POPC LUVs in size, use the 
extrusion method. To this aim, use the LiposoFast extruder 
immersed in a water bath at 25 °C. This instrument consists of two 
500 μl syringes and a steel jacket containing a polycarbonate mem-
brane with a 100 nm pore diameter, through which lipids are fluxed. 
Pushing a multilamellar lipid solution 11–21 times through the 
membrane will produce homogeneous unilamellar vesicles with lat-
eral dimensions of about 100 nm. The formation of LUVs is mac-
roscopically evident as clarification of the lipid mixture (see Note 8).

To investigate lipid composition-induced preferential binding 
of a protein, instead of liposomes consisting of POPC alone, LUVs 

Table 1 
Preparation of LUVs of defined concentration

LUV concentration in 
stock solution (mM)

Added 
volume (μl)

Total 
volume (μl)

Final LUV 
concentration (μM)

Final protein 
concentration (μM)

0 0 100 0 0.2

1 0.4 1 101 4 0.2

2 0.4 1 102 8 0.2

3 0.4 1 103 11 0.19

4 0.4 1 104 15 0.19

5 0.4 1 105 19 0.19

6 0.4 2 107 26 0.19

7 0.4 2 109 33 0.18

8 0.4 1 110 36 0.18

9 0.4 1 111 40 0.18

10 0.4 4 115 52 0.17

11 0.4 4 119 64 0.17

12 0.4 2 121 70 0.17

13 0.4 4 125 80 0.16

14 0.4 5 130 92 0.15

15 0.4 5 135 103 0.15

16 2 4 139 158 0.14

17 2 4 143 210 0.14

18 2 4 147 258 0.14

19 2 4 151 305 0.13

Membrane Binding by FRET Analysis
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can be produced with different lipid compositions, or with lipids 
extracted from specific cell membranes (Table 1).

For instance, LUVs from the plasma (PM) and the endo-
plasmic reticulum (ER) membranes can be prepared from lipids 
extracted from rat hepatocytes, as follows. Disrupt liver tissue 
by a Potter glass, and mix with a volume of Buffer B (see Note 
9). After homogenization, liver is centrifuged at 10,000 × g for 
5 min, supernatant (~2.4 ml) is transferred to a 14 ml ultracen-
trifugation tube, and 9.6  ml of Buffer A containing 60  % of 
sucrose (final sucrose concentration: 48 %) is gently overlayed 
with a Pasteur pipette. Separately, prepare two tubes with 1 ml 
of Buffer A, and two tubes with 4.5 ml of Buffer A containing 
37 % of sucrose. Then, in a 14 ml tube add 6 ml of the previ-
ously prepared solution containing 48  % of sucrose, slowly 
stratify over 4.5 ml of Buffer A containing 37 % of sucrose, and 
finally add 1 ml of buffer A. In another tube, repeat the same 
procedure with the remaining 6 ml of the solution containing 
48 % of sucrose. Then, centrifuge the tubes at 150,000 × g for 
2 h. In the last step, recover PM and ER lipid membranes with 
a glass Pasteur pipette (see Note 10), then wash with Buffer A 
in a new tube, and centrifuge again at 150,000 × g for 1 h [9]. 
Recover the pellet containing the two different membranes, 
dissolve it in 200 μl of chloroform, evaporate the organic sol-
vent under a N2 stream, and proceed as described for the prepa-
ration of the liposomes.

In the fluorimeter, set the excitation wavelength at 292 nm (Trp 
excitation) and record fluorescence emission spectra between 300 
and 600 nm.

Record the spectrum of the blank (i.e., 100 μl of buffer), to be 
subtracted from all spectra (see Note 11).

Record the value of Trp fluorescence emission intensity (FI) at 
its maximum (approximately 340 nm). Note that the maximum of 
fluorescence emission of PyPE is about 380 nm (see Note 12).

To correctly perform the procedure, it is important to set 
up three series of measurements of FI maximum, according to 
the scheme below. Of note, the first series is done for the cor-
rection of FI due to protein dilution. The second series is for 
eliminating the eventual contribution of quenching Trp emis-
sion due to protein/lipid interaction. The third series is the 
measurement of FRET.

The first step (step 0) of each series is a measure of FI spectrum 
of the protein solution (F0), that is, 100 μl of 0.2 μM rat FAAH-
ΔTM (see Note 13).

	 1.	In the first series, add to 100 μl of protein solution in the quartz 
cuvette increasing amounts of buffer, as reported below in col-
umn 2, and record Trp FI maximum (F(protein)) (see Note 14).

3.2  Fluorescence 
Measurements

Clotilde B. Angelucci et al.
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	 2.	In the second series, add the same volumes indicated below in 
column 2 of LUVS from the diluted or concentrated stock 
solutions (column 1), and record Trp FI maximum (F(lipid)).

	 3.	In the third series, register Trp FI maximum upon addition of 
increasing amounts of LUVs containing the fluorophore (F(lipid/PyPE)) 
(see Notes 14 and 15).

Do the additions directly into the cuvette and mix thoroughly. 
Let the sample equilibrate to the cuvette temperature for 5 min, 
before recording emission spectra.

For each series, normalize to 1 the value of F0, and then nor-
malize each FI value to F0, in order to minimize the contribution 
of possible experimental errors in the determination of protein 
concentration.

For each measure (n), calculate the fluorescence intensity varia-
tion (ΔF) with respect to the maximum fluorescence intensity value:

	 DF F Fn n= -0 	 (1)

Subsequently, correct the normalized values of FI maximum for 
the effect of protein dilution and of lipid addition, in order to get 
ΔF values that are due to FRET, as follows:

	
D D D DF F F F= - -( )( ) ( ) ( )lipid PyPe lipid protein/ 	

(2)

where:
ΔF(protein) = FI variation in the spectra due to the addition of 

buffer only (series 1).
ΔF(lipid) = FI variation in the spectra due to the addition of the 

lipid (series 2).
ΔF(lipid/PyPe) = FI variation in the spectra due to the addition of 

the lipid in the presence of the acceptor fluorophore (series 3).
ΔF is the fluorescence intensity variation at different lipid con-

centrations; therefore it follows that

	
DF f= [ ]( )L

	 (3)

where [L] is the lipid concentration.
The protein binding isotherm to the lipid is described by the 

following function:

	
D DF F= [ ]( ) [ ] + [ ]( )max L L L/

/1 2 	
(4)

By fitting the values of ΔF as a function of lipid concentration 
through nonlinear regression analysis of the binding isotherm with 
Eq. 4 (Fig. 2), ΔFmax and L½ parameters can be obtained. ΔFmax is 
the maximum value of ΔF that is obtained under conditions of 
saturation of the protein-vesicle binding, and [L]½ is the concen-
tration of lipid vesicles at which ΔF = ½ΔFmax (Table 2) [13].

Membrane Binding by FRET Analysis
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4  Notes

	 1.	Dissolve PyPE powder in organic solvent (chloroform) at a 
concentration of 5 mg/ml, prepare 100 μl aliquots, dry with 
N2 flux, and keep at −20 °C until use.

	 2.	The setup of the slits has to be optimized for each 
instrument.

	 3.	We optimized the method for a quartz cuvette with a window 
volume of 100 μl and maximum capacity of 250 μl.

	 4.	Temperature must be kept above the main transition tem-
perature (Tm) of the lipid, thus favoring a high mobility 
degree of the acyl chains, and an easy flux through the pores 
of the extruder.

Fig. 2 Binding isotherms of rat FAAH-ΔTM as tryptophan FRET quenching at dif-
ferent concentrations of POPC (green diamonds), or of reconstituted LUVs from 
the ER (red circles) and PM (blue squares)

Table 2 
L½ values for the binding of rFAAH-ΔTM with membranes of different lipid 
compositions (modified from ref. 1)

LUV L1/2 (μM)

POPC 67 ± 10

Endoplasmic reticulum (ER) 18 ± 3

Plasma membrane (PM) 79 ± 8

Clotilde B. Angelucci et al.
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	 5.	Try to keep the solvent volume as low as possible, in order to 
reduce the time needed for evaporation.

	 6.	In the literature a molar ratio 98:2 is reported [8], but this 
value can be adjusted to fit instrument characteristics.

	 7.	During the preparation phase of the liposomes, it is appropri-
ate to coat the tube containing the lipid/fluorophore mixture 
with an aluminum foil, in order to avoid photobleaching of the 
fluorophore.

	 8.	The LiposoFast-Basic apparatus produces unilamellar lipo-
somes by the manual extrusion of a multilamellar liposome 
suspension through a polycarbonate membrane of defined 
pore size. The sample is passed through the membrane by 
pushing it back and forth between two syringes (0.5 or 1.0 ml 
syringes). In order to facilitate the passage of the lipid suspen-
sion through the syringes during the extrusion process, it is 
important that the LiposoFast-Basic apparatus is immersed in 
a water bath heated at a temperature higher than the Tm of the 
lipid used. To obtain a homogeneous solution, it is recom-
mended to have a minimum of 11 steps to a maximum of 21 
steps, always in odd [12]. This procedure will prevent that any 
residual impurity can contaminate the final preparation. In 
order to avoid any carryover contamination of PyPE, at the 
end of each preparation syringes and the entire LiposoFast-
Basic apparatus have to be perfectly cleaned by several rinses 
with hot ethanol, followed by hot distilled water.

	 9.	For a liver of ~0.74 g, use 1.5 ml of Buffer B. Homogenize the 
liver, filter with a gauze, and then centrifuge at 2,000 × g for 
5 min at 4 °C. Add to the supernatant 1.5 ml of Buffer B, homog-
enize, and centrifuge again at 10,000 × g for 5 min at 4 °C.

	10.	After centrifugation at 150,000 × g for 2 h, stratification of the 
membranes can be observed in the tube from top to bottom, as 
follows: the first white layer is an unspecific fatty mixture, the sec-
ond layer is constituted by PM, and the third layer is constituted 
by RE. Pellets represent cellular debris, and should be discarded.

	11.	If the buffer has an isotropic signal along all emission spectra, fluo-
rescence intensity at 600 nm must be subtracted from all of them.

	12.	Trp maximum of fluorescence intensity is at ~340  nm. It is 
possible that during the binding measurements a blue or a red 
shift of this peak is observed, which can be due to eventual 
membrane-induced aggregation or dissociation of the protein 
sample, or variation of the chemical environment of the emit-
ting Trp intrinsic fluorophores.

	13.	Protein concentration depends on the number of Trp residues 
in its primary structure, their solvent exposition, and the char-
acteristics of the instrument. As a general rule, adjust protein 
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concentration to have a value of ~800 AFU for the measure of 
F0 (at a lipid concentration = 0).

	14.	It is strongly recommended to store all values in a datasheet for 
subsequent analysis (e.g., by using Microsoft Excel or 
KaleidaGraph software).

	15.	In our method, we use liposome concentrations ranging from 
10 to 300 μM. Others [13] have reported binding isotherms 
with different lipid concentrations (up to 1 mM) for different 
human enzymes. The lipid concentration range must be adjusted 
according to the affinity of the protein to the membrane.
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    Chapter 28   

 Visualization of Endocannabinoids in the Cell                     

     Sergio     Oddi     ,     Antonio     Totaro    , and     Mauro     Maccarrone     

  Abstract 

   A still unsolved, although critical, issue in endocannabinoid research is the mechanism by which the 
 lipophilic compound anandamide (AEA) moves from its site of synthesis, crosses the aqueous milieu, 
and reaches the different intracellular compartments, where its metabolic and signaling pathways take 
place. The diffi culty of studying intracellular AEA transport and distribution results from the lack of 
specifi c probes and techniques to track and visualize this bioactive lipid within the cell. Here, we 
describe the use of a biotinylated, non-hydrolyzable derivative of AEA (biotin-AEA, b-AEA) for visual-
izing the subcellular distribution of this endocannabinoid by means of confocal fl uorescence 
microscopy.  

  Key words     Endocannabinoids  ,   Anandamide  ,   Subcellular distribution  ,   Glass cover slips  ,   Biotinylated 
derivatives  ,   Confocal microscopy  

1      Introduction 

 The knowledge of  the   intracellular traffi cking and distribution of 
endocannabinoids like AEA is a general prerequisite for a deeper 
understanding of  the   signal transduction pathways triggered by 
 these   bioactive lipids, and hence of their biological functions [ 1 ]. 
Getting this information requires the availability of specifi c probes 
able to reveal, by means of state-of-the-art morphological tech-
niques, the distribution of endocannabinoids in the different mem-
brane compartments of the cell. Unfortunately, this type of studies 
is experimentally hampered by the very low antigenicity of endo-
cannabinoids, a feature shared by almost all lipids. To date, only a 
few compounds have been developed to investigate these aspects in 
relation to  AEA   metabolism: SKM 4-45-1 [ 2 ], and BODIPY-FL- 
AEA [ 3 ]. The former is a fl uorescein isothiocyanate-conjugated 
analogue of AEA that becomes fl uorescent (Ex. 495 nm/Em. 
519 nm) upon hydrolysis by cytosolic esterases. The latter bears a 
BODIPY-FL-fl uorophore (Ex. 508 nm/Em. 535 nm) that was 
found to be a substrate  of   AEA transmembrane transport machinery. 
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However, likely because of the low degree of signal associated with 
 direct   fl uorescence, the suitability of these compounds for fi ne 
morphological analysis of AEA distribution within the cell is rather 
limited. 

 In this context, we have recently described the characterization 
of  a   biotinylated derivative  of   AEA (b-AEA), and have shown 
through biochemical, morphological, and functional assays that 
b-AEA is a suitable probe for visualizing distribution and accumu-
lation of this endocannabinoid in intact cells [ 4 – 7 ]. 

 In this example, we used a bright, green fl uorescent streptavidin 
(conjugated with 488-Alexa Fluor dye) to detect the distribution of 
b-AEA in cultured keratinocytes, by using laser  scanning   confocal 
microscopy (Fig.  1 ). Here, the protocol used to visualize AEA in 
intact cells is presented, as a prototype of live imaging of other endo-
cannabinoids for which biotinylated probes are still missing.

2       Materials 

 All chemicals are of the purest analytical grade. Prepare all solu-
tions using ultrapure water (≥18 MΩ × cm at 25 °C) and analytical 
grade reagents. Prepare and store all reagents at room tempera-
ture, unless indicated otherwise. 

  Fig. 1       Confocal microscopy images of the intracellular distribution of biotin-AEA in cultured cells. Human kera-
tinocytes were incubated with 10 μM biotin ( a ) or with 10 μM b-AEA ( b ) for 10 min at 37 °C. Cells were 
washed, fi xed, and stained with Alexa Fluor 488-conjugated streptavidin, and were observed at green emis-
sion wavelengths by a TCS SP confocal microscope (Leica Microsystems, Wetzlar, Germany), equipped with a 
63× oil objective and a digital zoom of 2.5. Pictures were taken using the LAS AF program (Leica Microsystems), 
and then they were processed with Adobe Photoshop CS4 (Mountain View, CA, USA) for adjustments of bright-
ness and contrast. Scale bars = 10 μm       
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       1.    Primary normal  human   epidermal keratinocytes (ATCC, 
Manassas, VA, USA).   

   2.    DMEM-K growth medium: Dulbecco’s modifi ed Eagle’s 
medium (DMEM) supplemented with keratinocyte growth kit 
(ATCC).      

       1.    12 mm diameter borosilicate cover slips ( see   Note 1 ).   
   2.    Collagen solution: 0.1 mg/ml Human placenta type IV colla-

gen in 0.1 M acetic acid.   
   3.    Sterilization: Sterilize cover slips by immersing them for 20 min 

in 80 % ethanol, and then rinse abundantly with sterile water.   
   4.    Collagen coating ( see   Note 2 ): Coat with collagen the ethanol- 

sterilized cover slips by immersing them in collagen solution 
for 2 h at room temperature. Rinse cover slips in sterile water 
three times for 10 min. Dry cover slips in the hood for 12 h.      

       1.    Biotin-AEA stock solution: 10  mM   Biotin-AEA (Tocris 
Bioscience, Bristol, UK) in dimethylsulfoxide (DMSO). Store 
at −20 °C (stable for up to 1 month).   

   2.    Biotin control stock solution: 10 mM Biotin in DMSO. Store 
the solution at −20 °C (stable for up to 1 month).   

   3.    Prepare 1–10 μM b-AEA and biotin solutions by diluting 
10 mM stocks in DMEM-K growth medium. Prepare at least 
1 ml of each solution for each culture dish that has to be tested. 
Prepare immediately before use ( see   Note 3 ).   

   4.    Wash solution: Phosphate-buffered saline (PBS).   
   5.    Fixative solution: 3 % (wt/vol) formaldehyde solution. Dilute 

10 % (wt/vol) formaldehyde solution with PBS ( see   Note 4 ), 
add sucrose at 4 % (wt/vol), and store in a dark bottle at 4 °C 
for up to 1 month.   

   6.    PBS/glycine solution: 0.2 M Glycine in PBS. Add 0.05 % (wt/
vol) sodium azide as a preservative. Store at 4 °C for up to 1 
month.   

   7.    Staining solution ( see   Note 5 ): Alexa Fluor 488-conjugated 
streptavidin, diluted 1:100 in PBS. Add 0.05 % (wt/vol) sapo-
nin as a membrane permeabilizer ( see   Note 6 ). Prepare imme-
diately before use.   

   8.    Mounting medium: ProLong Gold ®  antifade mountant 
(Thermo Fisher Scientifi c).   

   9.    Clear nail polish.   
   10.    Confocal microscope ( see   Note 7 ) with high magnifi cation 

(e.g., 1000×), set up for image acquisition and processing.       

2.1  Cell Culture

2.2  Cover Slips

2.3  Solutions 
and Imaging 
Equipment
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3    Methods 

       1.    Culture NHEK  cells   onto collagen- coated   glass cover slips in 
24-well tissue culture plates (one cover slip per well) with 2 ml 
of DMEM-K for 24–48 h, until 50–70 % confl uence is reached.   

   2.    Wash cells three times with 2 ml of DMEM-K.      

       1.    Remove the DMEM-K growth medium from the cells, and 
add 1 ml of 1–10 μM biotin-AEA, or biotin control solution to 
each well ( see   Note 8 ).   

   2.    Incubate cells from 10 to 30 min at 37 °C ( see   Note 9 ).   
   3.    After incubation, place the plates on ice, aspire rapidly the 

media, and rinse the wells three times, for 3 min each, with 
2 ml of ice-cold PBS to remove excess probe and to reduce 
background.      

       1.    Transfer the cover slips with a pair of tweezers into new multi- 
wells containing 0.3 ml of fi xative solution per well for 20 min 
at room temperature.   

   2.    Wash cells three times with 2 ml of PBS for 3 min each. Remove 
the excess of fi xative by incubating cells for 5 min at room 
temperature with 2 ml of PBS/glycine solution.   

   3.    Incubate cells in the dark with staining solution for 30 min at 
room temperature ( see   Note 10 ).   

   4.    Wash cells three times (3 min each) with 2 ml of PBS.   
   5.    By holding the cover glasses with a pair of tweezers, almost 

dry them with absorbent paper. Invert the cover slips with 
the attached cells onto a small drop (3 μl) of mounting 
medium.   

   6.    Leave the mounting medium to dry overnight, and then seal 
the edges of the cover slips with clear nail polish ( see   Note 11 ).      

       1.    View cells under a laser scanning confocal microscope at high 
magnifi cation (e.g., 1000×).   

   2.    Acquire images with cells excited with 488 nm laser lines, col-
lecting emissions at green (530–560 nm) wavelengths. 
Optimize image capture by using a minimum of optics, high-
numerical aperture objectives, relatively low magnifi cation and 
laser power, high-quality optical fi lters, and high-effi ciency 
detectors.     

 Biotin-AEA is readily incorporated into plasma membranes, 
and reaches nearly all internal membranes within a few minutes, 
particularly those of the endoplasmic reticulum and those sur-
rounding the nucleus (Fig.  1 ).   

3.1  Cell Culture

3.2  Incubation 
with b-AEA

3.3  Labeling 
with b-AEA

3.4  Cell Examination
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4    Notes 

     1.    Modern microscope objectives are designed to be used with 
cover slips of 0.17 mm thickness. The quality of the cover 
glass, in particular the compliance with the nominal thickness, 
has thereby a crucial impact on the imaging quality. To this 
end, we recommend high-precision cover slips, featuring an 
exceptionally accurate thickness of 170 ± 5 μm.   

   2.    Although it is not strictly necessary for the attachment of adher-
ent cell lines, collagen coating  of   glass cover slips is performed to 
enhance growth and adherence of keratinocytes to the glass sur-
face, clearly improving  the   fl uorescence imaging results. For less 
adherent cells, coating is necessary to help them to stick to the 
glass surface. Almost any sort of extracellular matrix protein can 
be used to coat cover slips, including collagen, fi bronectin, and 
laminin. Alternatively, either poly-  L - lysine or gelatin from por-
cine skin represents excellent and inexpensive coating reagent 
that can be conveniently used in promoting cell adhesion.   

   3.    Since b-AEA is not hydrolyzed by FAAH [ 6 ], the addition of 
specifi c inhibitors of this AEA-degrading enzyme in the culture 
medium can be omitted. The concentration of b-AEA used is 
an important factor for the success of cell labeling experiments. 
The optimal probe concentration should be determined empir-
ically for each cell line. Therefore, it is useful to perform a 
preliminary study where a wide concentration range is used to 
optimize the signal-to-noise ratio.   

   4.    To avoid shrinkage of the cells, it is important to use only those 
commercial preparations of formaldehyde that do not contain 
methanol. Formaldehyde is extremely toxic. Please read the 
material safety data sheet before working with this chemical. 
Gloves and safety glasses should be worn at all time, and solu-
tions should be made inside a fume hood.   

   5.    As an alternative to avidin-based reagents, the b-AEA tag can 
be detected also by high-affi nity mouse  monoclonal   antibody 
against biotin. Both unlabeled and fl uorescent dye-labeled ver-
sions of the anti-biotin antibody are commercially available for 
direct or indirect staining procedures.   

   6.    Since b-AEA is a neutral lipid, particular attention should be 
paid to the choice of the appropriate membrane- permeabilizing 
agent. In our hands, 0.05–0.10 % digitonin or saponin per-
meabilize plasma membrane selectively by removing  cholesterol 
only, and are therefore  both   considered gentler than other 
nonionic detergents, such as Triton X-100 and Nonidet P-40. 
The two latter substances are nonselective in nature and may 
extract the bulk of membrane lipids along with a signifi cant 
fraction of b-AEA.   

Visualizing Cellular Anandamide



282

   7.    Samples may be examined with either a conventional epifl uo-
rescence microscope or a laser scanning confocal microscope. 
In our laboratory, we  used   confocal microscopy for imaging 
b-AEA distribution. Indeed, confocal microscopy offers sev-
eral distinct advantages over traditional wide-fi eld fl uorescence 
microscopy, including an increased resolution and contrast, a 
better signal-to-noise ratio, and the capability to collect serial 
optical sections from the same specimen.   

   8.    Serum albumin interferes with, or even abolishes,  AEA   uptake 
by the cell, possibly due to the high- affi nity   binding of AEA to 
this protein [ 4 ]. For this reason, we recommend to avoid 
albumin- containing media, such as those supplemented with 
fetal sera.   

   9.    The time to reach an adequate level of b-AEA incorporation 
should be determined empirically for each cell line, and typi-
cally ranges from 10 to 30 min.   

   10.    Streptavidin concentration should be varied in pilot experi-
ments, to maximize signal while minimizing background. The 
time to reach an adequate level of staining should be deter-
mined empirically for each cell line, and typically ranges from 
10 to 30 min.   

   11.    After being mounted with the mounting medium, cover slips 
can be stored in a covered slide box at 4 °C. Sealing the edges 
with clear nail polish delays  the   oxidation and extends the life- 
span of the specimens up to several months.         
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